A review on coordination properties of thiol-containing chelating agents towards mercury, cadmium, and lead by Bjørklund, Geir et al.
molecules
Review
A Review on Coordination Properties of
Thiol-Containing Chelating Agents Towards Mercury,
Cadmium, and Lead
Geir Bjørklund 1,* , Guido Crisponi 2 , Valeria Marina Nurchi 3 , Rosita Cappai 3,
Aleksandra Buha Djordjevic 4 and Jan Aaseth 5,6,7,*
1 Council for Nutritional and Environmental Medicine, N-8610 Mo i Rana, Norway
2 Cittadella Universitaria, University of Cagliari, 09042 Cagliari, Italy
3 Department of Life and Environmental Sciences, University of Cagliari, 09042 Cagliari, Italy
4 Department of Toxicology “Akademik Danilo Soldatovic´”, Faculty of Pharmacy, University of Belgrade,
11000 Belgrade, Serbia
5 Research Department, Innlandet Hospital, N-2380 Brumunddal, Norway
6 Inland Norway University of Applied Sciences, N-2411 Elverum, Norway
7 IM Sechenov First Moscow State Medical University (Sechenov University), 119146 Moscow, Russia
* Correspondence: bjorklund@conem.org (G.B.); jaol-aas@online.no (J.A.)
Academic Editor: Erika Ferrari
Received: 24 July 2019; Accepted: 31 August 2019; Published: 6 September 2019


Abstract: The present article reviews the clinical use of thiol-based metal chelators in intoxications
and overexposure with mercury (Hg), cadmium (Cd), and lead (Pb). Currently, very few commercially
available pharmaceuticals can successfully reduce or prevent the toxicity of these metals. The metal
chelator meso-2,3-dimercaptosuccinic acid (DMSA) is considerably less toxic than the classical agent
British anti-Lewisite (BAL, 2,3-dimercaptopropanol) and is the recommended agent in poisonings
with Pb and organic Hg. Its toxicity is also lower than that of DMPS (dimercaptopropane sulfonate),
although DMPS is the recommended agent in acute poisonings with Hg salts. It is suggested that
intracellular Cd deposits and cerebral deposits of inorganic Hg, to some extent, can be mobilized by a
combination of antidotes, but clinical experience with such combinations are lacking. Alpha-lipoic
acid (α-LA) has been suggested for toxic metal detoxification but is not considered a drug of choice in
clinical practice. The molecular mechanisms and chemical equilibria of complex formation of the
chelators with the metal ions Hg2+, Cd2+, and Pb2+ are reviewed since insight into these reactions
can provide a basis for further development of therapeutics.
Keywords: BAL; DMPS; DMSA; metal chelator; metal ion
1. Introduction
The US Agency for Toxic Substances and Disease Registry assembles a list of the substances that
can cause the most significant problems to human health for their toxicity and potential for human
exposure. It should be noticed that this priority list is not a list of “the most toxic” substances, but
rather a prioritization of substances based on a combination of their frequency, toxicity, and potential
for human exposure. This list is regularly revised to take into account any new information on toxic
substances [1].
On these bases, lead (Pb), mercury (Hg), and cadmium (Cd) are classified not only as the most
relevant toxic metals, but also as the most relevant toxic substances in general. Furthermore, the World
Health Organization (WHO) has also included these three toxic metals in the top 10 chemicals of major
public health concern [2].
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Therefore, in the present review, we will take into consideration the chelating agents that can be
useful for the clinical treatment of Pb, Hg, and Cd intoxication. In particular, since the sulfhydryl (SH)
groups of proteins furnish the vehicle for both the toxicity and detoxification of the majority of heavy
metal ions, we will take into consideration chelating agents characterized by thiol groups. The review
aims to delineate principles that can be used in the search for improved antidotal treatments of these
three toxic metals. We will start by recalling the hard–soft properties of these metal ions [3] reported in
Table 1.
Table 1. Classification of the toxic metals, and the coordinating groups, according to their hard,
intermediate (borderline), and soft character. The implied metal ions and coordinating groups are
marked in red.
Metal Ions Coordinating Groups
Hard Borderline Soft Hard Borderline Soft
Li+, Na+, K+, Be2+
Mg2+, Ca2+, Sr2+,
Mn2+, Al3+, Ga3+,
Cr3+, Fe3+, Sn4+,
(CH3)2Sn2+,
UO22+, VO2+
Fe2+, Co2+,
Ni2+,
Cu2+, Zn2+,
Pb2+,
Sn2+, Sb3+, Bi3+
Cu+, Ag+, Au+,
Hg+, Pd2+,
Cd2+,
Pt2+, Hg2+,
CH3Hg+, Pt4+
H2O, OH−, F−,
RCOO−, Cl−,
RO−, NH3,
RNH2
C6H5NH2 R2S,
RSH,
RS−
It can be observed that Cd2+ and Hg2+, both belonging to group 12 in the periodic table of
elements, are classified as soft metal ions, preferring the coordination by ligands characterized by
soft groups such as R2S, RSH, and RS [4]. On the other hand, Pb2+, which belongs to group 14 in the
periodic table, is classified as an intermediate metal ion, indicating that above all it will be coordinated
by amino groups, even if the interaction with hard oxygen groups and soft thiol groups is observed
in a number of complexes. Furthermore, different structural coordination modes characterize these
metal ions, such as linear coordination for Hg with thiol groups, or tetrahedral for Cd, but these
considerations will be further developed in the last sections of the present paper.
2. Exposure and Effects
Table 2 reports some exposure sources and target organs for Hg, Cd, and Pb, which will be
discussed in the following lines.
Table 2. Some exposure sources and target organs for Hg, Cd, and Pb.
Important Sources of
Occupational
Exposure
Routes of
Exposure
Important Sources
of Environmental
Exposure
Routes of
Exposure
Target Organs of
Toxicity
Elemental
mercury
Coal-burning, waste
incineration, gold
extraction, dental
amalgam handling,
fluorescent lamp
manufacturing
Inhalation Dental amalgam in
teeth
Inhalation Central and
peripheral nervous
system
Inorganic
mercury salts
- - Use of skin
lightening
products and
medicinal use of
mercury salts
Gastrointestinal
ingestion,
transdermal
Kidneys
Methyl
mercury
- - Food (fish,
seafood)
Gastrointestinal
ingestion
Central nervous
system
Cadmium Production of
nickel-Cd batteries, Cd
plating, Cd-containing
paint production
Inhalation Food (rice, potato,
and wheat, offal,
seafood)
Tobacco smoke
Gastrointestinal
ingestion
Inhalation
Kidneys
Skeleton
Lead Mining, smelting,
battery manufacturing,
traditional printing
technology
Inhalation Food, drinking
water,
dust and soil (in
children)
Gastrointestinal
ingestion
Central nervous
system,
hematopoietic
system, kidneys
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2.1. Mercury
Environmental Hg exists in three chemical forms, viz. elemental Hg (metallic Hg0 liquid),
inorganic mercuric salts (e.g., Hg chloride, HgCl2), and organic Hg compounds (e.g., methylmercury
(MeHg, CH3Hg) and ethylmercury (EtHg, C2H5Hg)) [5,6]. Humans are exposed to low chronic levels
of mercurial compounds via various routes: Oral, inhalation, and dermal [7], to MeHg mainly through
fish, Hg vapor from dental amalgams, and EtHg through vaccines [8].
Although organic Hg is regarded as the most frequent and toxic one, elemental Hg is more volatile
and, hence, more dangerous than generally perceived. Elemental Hg0 exists as liquid metal and can
vaporize at room temperature due to high vapor pressure. For example, a worker who stays for about
eight hours in a Hg-saturated place can inhale up to about 100 mg of Hg per day [9]. Major sources of
elemental Hg emissions to the air are coal burning, metal smelting, crematoriums, waste incineration,
and small-scale gold extraction [10]. Emitted Hg vapor is oxidized to ionic form (Hg2+) in the air layers,
which falls to the ground with rain, often far from the emission point. This makes Hg exposure a global
concern. In the soil layers and sediments, Hg has a very long half-life [11,12]. Also, Hg occurs naturally
as a result of volcanic activities, forest fire, water movement, etc. [13]. Other important sources of
Hg exposure is the use of Hg in measuring instruments and as a disinfectant. Regulatory measures
during the last decades have reduced the Hg emissions to the environment significantly [12]. However,
still, some hot spots of Hg pollution exist. Mainly in developing countries, Hg poses a threat to the
environment and health of nearby living residents. Hence, environmental and human Hg exposure
assessments are needed in these regions [11].
The main sources of elemental Hg in humans are Hg released from dental amalgams batteries,
and incineration of medical waste [14,15]. In the 1830s, dental amalgam was introduced in the
Western World and has since then been subject to recurrent concerns and controversies [16]. Today,
many countries, including the Scandinavian countries and Italy, have in principle ceased the use of
dental amalgam. However, this filling material is still in widespread use, particularly in developing
countries [14].
Elemental Hg is oxidized to divalent inorganic Hg in red blood cells and tissues [17]. However,
some Hg vapor passes the blood–brain barrier and enters the brain. Elemental Hg, which is highly
diffusible and lipid-soluble, is oxidized and accumulated in the human brain. Its half-life in the brain
is several years to several decades [18]. Numerous toxic effects and conditions have been linked to Hg
vapor exposure. It has been suggested that inhaled Hg vapor from amalgam fillings is a predisposing
factor to Alzheimer’s disease [19]. However, this hypothesis remains to be verified [20]. Research
has also shown that Hg vapor passes the placenta and is taken up by the fetus. The inorganic Hg
concentrations in the placenta and umbilical cord have been found to correlate with the mother’s
number of amalgam fillings [21,22]. Dental personnel who are occupationally exposed to Hg have
a higher Hg body burden than unexposed individuals., Recently this was reviewed by Aaseth et
al. [23] and Bjørklund et al. [24]. Also, dental personnel more often develop uncharacterized symptoms
like fatigue, weakness, and anorexia than unexposed people [23]. A similar trend was shown for
neurobehavioral effects, like idiopathic disturbances in cognitive skills, affective reactions, and motor
functions [24].
In addition to dental personnel, occupational Hg exposure also occurs in the chloralkali industry
(if Hg electrodes are used) and in the manufacture of fluorescent lamps and batteries. Adverse effects in
the central nervous system of chloralkali workers may persist for ten years or more after high Hg vapor
exposure has ceased. Mathiesen et al. [25] found that a group of 70 previously H-exposed chloralkali
workers (time passed after the last exposure was on average 12.7 years) had decreased performance
on a number of neuropsychological tests compared to an unexposed control group of 52 workers.
Comparable results were shown in another study of high-level Hg vapor-exposed workers [26]. It
has been demonstrated that adverse Hg effects in the peripheral nervous system are detectable even
decades after cessation of exposure [27]. The major clinical feature of chronic elemental Hg poisoning
is a triad of tremors, erethism, and gingivitis [28]. Long-term chronic Hg vapor exposure led to
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mercurial erethism, characterized by excessive shyness and social phobia [29]. In the 19th century,
mercuric nitrate was commonly used in felt hat production. At that time in England and the US, the
syndrome of erethism was common among exposed hatters. More on historical perspectives of Hg
poisoning is given by Brooks et al. and Buckell et al. [30,31]. Apart from the central nervous system
toxicity, elemental Hg can affect the human immune system or cause toxic pulmonary, reproductive, or
cardiovascular effects [15].
Inorganic Hg2+ is absorbed from the gastrointestinal tract after ingestion and also through the
skin [32]. The highest inorganic Hg levels are found in kidneys. In the kidneys, inorganic Hg
can give many effects, including proteinuria and polyuria. This can further progress into nephritic
syndrome [33]. Chronic inorganic Hg poisoning can also cause acrodynia, which is considered a
hypersensitivity reaction, characterized by profuse sweating and erythematous rashes of the palms
and soles [32].
Of serious concern is Hg exposure via fish and seafood. Mercury bioaccumulates and biomagnifies
in the food chain, after biomethylation to MeHg [11,13]. Usually, the MeHg levels increase with
the age of the fish [34]. Methylmercury has caused major environmental disasters [35]; the most
serious happened in Minamata Bay, in Japan. In the 1950s, the plastic plant belonging to the Chisso
Corporation group emitted wastewater containing Hg into this sea bay [36,37]. Over time, this
caused a massive Hg accumulation in the food chain. Minamata disease is a neurological syndrome
encompassing symptoms of sensory disturbances, ataxia, dysarthria, constriction of the visual field,
auditory disturbances, and tremor. Another poisoning incident happened 20 years later in Iraq when
the sensory, motor and visual disturbance were developed after ingestion of bread contaminated with
organomercury fungicide [38]. After ingestion and rapid absorption of MeHg in the gastrointestinal
tract, it circulates in the blood bound to SH-containing amino acid residues and distributed to the
central nervous system and other parts of the organism [39,40]. By the use of molecular mimicry,
MeHg, bound to the SH group of cysteine, crosses the blood–brain barrier and arrives at glial cells and
neurons, where it is slowly converted to inorganic Hg [41]. Epidemiological studies have shown that
pregnant women who are exposed to large MeHg concentrations give birth to children with severe
brain damage even without having any poisoning symptoms themselves [11,42]. Furthermore, MeHg
has been implicated in many neurodegenerative diseases, and a possible role in autism spectrum
disorder has been suggested [20,41,43].
According to the International Agency for Research on Cancer, MeHg compounds are possibly
carcinogenic to humans (group 2B), while metallic Hg and inorganic Hg compounds are not considered
carcinogenic to humans [44].
Mercury compounds exert toxic actions through various mechanisms. Research indicates that
toxic effects of organic Hg in the nervous system may be caused or worsened by the oxidized form,
Hg2+, that binds to the thiol (-SH) groups and thereby alters protein structure and/or inhibits enzymatic
functions [41]. Numerous studies have also suggested other mechanisms of Hg toxicity such as
induction of oxidative stress, damage of Ca homeostasis, and changes in glutamate homeostasis [6].
2.2. Cadmium
Metallic Cd is, to a significant extent, a by-product of zinc (Zn) production and to some degree,
also a by-product from copper (Cu) and Pb production [45]. Since 1990, the annual use of Cd is about
20,000 tons worldwide. Recycling accounts for ca. 18% of the production. A majority of Cd is used in
nickel-Cd batteries. Also, Cd is used for corrosion protection of steel (cadmium plating), as a solder
and weld metal in alloys, in polyvinyl chloride plastics, and as a pigment in paint colors, different
types of paint, and glazes [46].
Numerous studies have reported health effects of Cd exposure in the general population, even in
subjects without particular industrial exposure. The estimated Cd exposure in many areas, particularly
industrial ones, is high enough to represent a human health threat [47–49]. Environmental Cd
contamination is mainly a result of anthropogenic activities, but can also be of natural origin [50]. Due
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to high rate soil-to-plant transfer, Cd enters and accumulates in the food chain [51]. In most parts of
the world, food is the primary Cd source for non-smokers [47].
Foods rich in Cd include offal, seafood, cocoa powder, and wild mushrooms. However, due to
the larger consumption, 80% of Cd in food comes from staples (rice, potato, and wheat) [52,53]. The
average daily Cd intake from food is 8–25 µg [50,52]. Currently, the Food and Agriculture Organization
(FAO) and World Health Organization (WHO) Joint Expert Committee on Food Additives and
Contaminants consider 25 µg Cd per kg body weight/month as a tolerable intake level [54]. However,
certain subpopulations can have a much higher Cd intake than the average population (vegetarians,
populations that consume rice as a dominant energy source) [52]. Tobacco leaves accumulate Cd.
Therefore, cigarette smoke is a significant Cd source in the general population [55]. Cadmium in
drinking water typically only contributes a few percent of the total Cd intake [53]. In the air, Cd is
present in trace amounts [56]. Therefore, exposure from air generally provides less than a few percent
of the total Cd body burden. However, Cd-polluted water and air and even house dust may occur in
areas close to some metal industries. Itai-itai disease is the documented case of a mass Cd poisoning in
Toyama Prefecture, Japan. What became the world’s first large Cd poisoning disaster started around
1912 and caused a crippling and very painful form of osteomalacia including severe kidney damage
and multiple bone fractures [57] The disease got its name due to the pain moans.
After Cd uptake in the body, it is transported via the hepatic portal system to the liver, where Cd
induces synthesis of metal-binding proteins, metallothioneins (MTs). Inhaled Cd induces MTs in the
lungs, where CdMT complexes are formed directly. CdMTs are released from the liver, enterocytes,
and lungs into the systematic circulation. Thus, Cd is transported primarily to the kidneys where it
accumulates. A recent review by Satarug presents a detailed overview of Cd kinetics [51]. The half-life
of renal Cd is 7–16 years [58] or longer [59]. However, the accumulation of Cd in the organism varies
with age, gender, smoking status, and certain co-morbidities.
Long-term Cd exposure affects many organs. The kidneys have been considered the critical organ
of Cd toxicity. Even low-level, long-term Cd exposure may induce various kidney dysfunctions [60].
Also, the liver is critical to Cd accumulation. In both sexes, both acute and chronic Cd exposure is
linked to various liver-related diseases [60,61]. Recent epidemiological studies confirm the association
between Cd exposure and increased risk of osteoporosis-related fractures [62], which originally
was observed during the Itai-itai epidemic in Japan. Also, associations between Cd exposure and
cardiovascular diseases [63], reproductive disorders in both sexes [64–66], thyroid disorders [67],
gestational diabetes, and diabetes mellitus type 2 [68,69] have been shown. Also, Cd may produce
hormesis phenomena [70]. IARC classifies Cd and Cd compounds as known human carcinogens [44],
based on a causal relationship between exposure and lung cancer. New research has also shown
positive associations between chronic Cd exposure and kidney and prostate cancers [71]. Studies have
implied a possible role of Cd in pancreatic [72,73], bladder [74], prostate [75], and breast cancer [76].
The mechanisms of Cd toxicity are various and include binding to SH groups, oxidative stress
induction [77,78], interactions with bioelements [79–82], mitochondrial toxicity [83], and altered
microRNA expression [84].
2.3. Lead
For several decades, the use of Pb-containing gasoline was an environmental and human exposure
source of organic Pb compounds [85,86]. Since the 1920s, Pb usually added as tetraethyl lead (TEL) to
gasoline caused significant exposure via inhalation of car exhaust [87]. Since Pb is toxic, this gasoline
was gradually phased out in most countries of the world. In the US, Pb in gasoline was banned from
1996, and in the EU, organolead was entirely phased out in 2000 [87]. The removal of Pb from gasoline
is regarded as one of the major public health triumphs of the 20th century. Also, much work has been
done to phase out Pb from various other products completely. To completely eliminate Pb from gasoline
and water pipes took a long time but effectively reduced Pb pollution in the environment [86,88].
However, due to the persistence of Pb, it is still present in the environment. Although food generally
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contains low Pb levels, most of the Pb exposure in many countries nowadays occurs through food
and drinking water [86,89]. In Europe, the average exposure via diet is about 0.50 µg Pb/kg body
weight/day [90]. Cereal products contribute most to dietary Pb exposure, while Pb in dust and soil
can be important sources for children. Also, Pb in old paint dust and soil can be a source of increased
Pb exposure for small children, due to their tendency for licking, chewing, and swallowing foreign
bodies [91,92]. Residual paints that contain significant quantities of Pb is a problem in many countries
of the world, especially for children [93].
Lead exposure mainly happens through the gastrointestinal and respiratory tract. Approximately
30%–40% of Pb from the respiratory tract is absorbed into the bloodstream while the gastrointestinal
absorption depends mainly on age and nutritional status [86,94]. Hence, while adults absorb around
10%–15% of ingested Pb, this amount increases up to 50% in infants, young children, and pregnant
woman [85,94,95]. Once absorbed, Pb is transported by the bloodstream mainly bound to erythrocytes
and distributed to other tissues such as liver, kidneys, brain, lungs, spleen, teeth, and bones. More
than 95% of Pb is deposited in skeletal bones while in children, this percentage is less resulting in more
Pb in soft tissues [85,86]. Furthermore, Pb passes the placental barrier during pregnancy and can cause
damage to the fetus. Concentrations of Pb found in the umbilical cord blood are 80%–100% of the
maternal blood levels [96].
Toxic effects of Pb have been detected in virtually every body system. Children are generally
more vulnerable to Pb toxicity than adults, especially for neurological Pb toxicity. The most deleterious
effects of Pb are detected on erythropoiesis, kidney function, and the central nervous system [85,86,97].
Other toxic effects of Pb include hypertension and hearing impairment, infertility, abdominal pain
(“lead colic”), and anorexia [97]. Recent research has linked the level of Pb in drinking water to
increased risk of cardiovascular pathologies [98]. For children, Pb exposure may impair cognitive
abilities, attention, mental development, and skeletal growth [99]. Also, disturbed blood formation and
renal effects may occur in children at relatively low Pb exposure [100]. A lower threshold for children
that provides complete safety against Pb poisoning has not been established. The International Agency
for Cancer Research classified inorganic Pb as probably carcinogenic to humans (Group 2A) [101].
Many in vivo and in vitro studies have been performed to identify the exact mechanisms of Pb
toxicity. Some of them are oxidative stress induction [77,102], binding to sulfur ligands that can affect
many enzymes and proteins [77], interaction with bioelements [102], changes in DNA structure, and
inhibition of DNA repair [103].
3. Endogenous Protective SH-Compounds: Metallothioneins and Glutathione
3.1. Metallothioneins (MTs)
The metallothionein (MT) family is cysteine-rich and consists of proteins with low molecular
weight (mol. wt. ranging from about 1000 to 14,000 kDa). They are localized intracellularly and can
bind both essential and non-essential heavy metals, e.g., Zn, Cu, Cd, Hg, silver (Ag), and As, through
the thiol group of its cysteine residues. Approximately 30% of the amino acids in MTs are cysteine.
MTs are found in yeasts, plants, invertebrates, as well as vertebrates including humans.
Margoshes and Vallee [104] discovered MT when they purified a Cd-binding protein from the
renal cortex of horses. Still, the MTs functions are not entirely understood, but apparently, they protect
against the effects of toxic metals as well as being involved in the physiological regulation of Cu and
Zn. MTs also protect against oxidative stress [105]. In principle, four isoforms of MTs are present
in humans (i.e., MT1 with subtypes, MT2, MT3, and MT4) [106]. All isoforms contain polynuclear
metal-sulfur coordination sites. In mammals, MT1 and MT2 are the most common isoforms. In the
liver and also in the gut, these MTs get induced by many different metals, especially by Zn ions. MT3
has been found in the central nervous system, and MT4 has been found in epithelial cells. MT3 appears
to have a protective function against oxidative stress in the brain [107].
Molecules 2019, 24, 3247 7 of 32
For the production of MT1 and MT2 in the liver, dietary Cu and Zn, as well as the amino acids
cysteine and histidine, are needed. The content of the metals in MTs depends on their stability constants
and their amount in the body. MTs can tie up many different metals, including Cd, Zn, Hg, and Cu.
Through their binding and release of Zn, MTs can regulate the cellular levels of Zn. According
to their affinity constants with MTs, many toxic metal ions, including Hg2+, Cu+, Ag+, Cd2+, Bi2+,
and Pb2+, might displace Zn2+ from MT. The free Zn, in turn, plays a key role for the binding and
activation of transcription factors, especially the metal-regulatory transcription factor 1 (MTF-1), and
Zn release induces more MT being synthesized.
Residues of cysteine from MTs may also capture oxidant radicals, including the harmful hydroxyl
and superoxide radicals [108]. In such reactions, cysteine oxidizes to cystine, and the Zn ions that were
cysteine bound are disconnected. Released Zn can activate the synthesis of further MTs. Various factors
induce the gene expression of MTs, including metal exposure, oxidative stress, and glucocorticoids.
The MT gene controls the response level of these inducers. MTs can also carry Zn ions between different
parts of the cell. When Zn enters into a cell, thionein can take up the trace element and carry it to other
cellular parts. This kind of signaling system is considered of particular importance in the brain, where
Zn signaling appears crucial both within and between nerve cells [109].
3.2. Glutathione (GSH)
Glutathione (GSH), the tripeptideγ-glutamyl-cysteinyl-glycine, is a crucial antioxidant for animals,
plants, as well as for some bacteria, in preventing damage on essential cellular components due to
some metal ions and peroxides. GSH is the crucial intracellular reducing agent in animal cells. GSH is
biosynthesized in the body from its amino acid constituents. Its cysteine thiol group (SH) functions as
an electron donor in its interactions with metal ions or oxygen radicals. Cysteine is considered the
rate-limiting factor in cellular GSH biosynthesis due to its relatively little presence in foods. The cellular
biosynthesis of GSH involves two ATP-dependent steps: First, γ-glutamyl-cysteine is synthesized from
L-glutamate and cysteine through the action of the enzyme gamma-glutamyl-cysteine synthetase. This
initial step in the GSH synthesis is rate-limiting in the synthesis. In the second reaction, the enzyme
glutathione synthetase adds glycine to the γ-glutamylcysteine. GSH exists in two different states, i.e.,
both as oxidized (GSSG) and reduced (GSH) states. In its reduced state, a reducing equivalent (H++
e−) can be donated by the SH group to unstable molecules such as reactive oxygen species. When
an electron gets donated, a GSH molecule becomes reactive but reacts readily with another reactive
molecule of GSH to create glutathione disulfide (GSSG). Oxidized GSSG is reduced rapidly back to
GSH by glutathione reductase, in a reaction where NADPH is used as a donor of electrons [110].
Some important functions of GSH are as follows:
1. It is the principal endogenous antioxidant that the cells produce, it participates directly in the
neutralization of ROS and free radicals, and it is a cofactor of the selenoenzyme glutathione
peroxidase (GPx).
2. GSH is an important substrate for conjugation reactions, catalyzed by the glutathione-S-transferase
enzyme. Thus, in the case of the reactive metabolite formed by a paracetamol overdose, GSH
acts as an antidote. GSH can also conjugate and detoxify organometallic compounds, such as
MeHg [111].
3. It has important roles in binding, transport, and storing of several metals, thus affecting the
homeostasis of metals in biological systems [112].
Here, we will concentrate on its ability to bind toxic metals [113]. Among metals reported to bind
to GSH are Cu, Hg, Cd, and Pb. Metals bound by GSH can be exchanged with other ligands. This
leads to a fast metal redistribution in the body. The bile appears to be a main excretory pathway for
some metal–GSH complexes, which was early indicated for the CH3Hg–GSH conjugate. When GSH
reacts with a metal, there are two possible outcomes: The metal gets either stabilized as a nonreactive
conjugate or the metal, such as transition metals, can undergo a redox reaction paralleled by oxidation
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of GSH and formation of ROS. Most frequently, GSH binds to metals and protects against the toxicity,
e.g., of Hg2+.
In healthy tissue and cells, more than 90% of GSH exists in the reduced form (GSH), and less
than 10% exists in the disulfide form (GSSG). Increased GSSG/GSH ratio is considered indicative of
oxidative stress.
4. SH-Containing Chelating Agents: Clinical Use and Environmental Remediation
In 1920, Morgan and Drew suggested the term chelate [114], which originates from the Greek word
chele (claw of a lobster). The term was suggested to be used on the caliper-like groups that function
together as two units, which connect a central atom and create heterocyclic rings. In therapeutic
use, chelators remove metals from chemical compounds through the formation of complexes. An
excellent chelator should be characterized by high solubility in both lipids and water, resistance to
biotransformation, ability to reach the sites of metal storage, retain chelating ability at the pH of
body fluids, as well as being able to form metal complexes with lower toxicity than the free metal
ions [115–117]. Unfortunately, even today, most chelators are not able to cross the blood–brain barrier
and therefore have limited ability to remove the metals from the brain tissue [4,118].
For more than a century, chelating agents were used by Ehrlich and Werner to decrease the
toxicity of arsenic (As)-containing syphilis drugs. During 1920–1940, similar trials to reduce the
toxicity of antimony drugs for schistosomiasis and trypanosomiasis were done by Voegtlin et al. [119].
In 1941, Kety and Letonoff used citrate as an antidote towards acute Pb intoxication [120]. This
experiment started a new era in treating metal intoxications caused by environmental exposure or
genetic disturbances in metal metabolism.
During World War II, Sir Rudolph Peters and colleagues developed the antidote BAL (British
anti Lewisite) against the war gas dichlorovinyl arsine (Lewisite) [121]. The next chelator, EDTA
(ethylenediamine tetraacetate) was developed for radionuclide decorporation and clinical treatment of
Pb intoxication [122]. EDTA must be administered parenterally. Since the intestinal uptake it low, its
action is almost exclusively extracellular. To some essential metals, its stability constants are high.
During the 1950s, DMSA (meso-dimercaptosuccinic acid) and DMPS (2,3-dimercapto-1-
propanesulfonic acid) were used in China [123] and the former Soviet Union [124]. These drugs have
been available in the Western world for decades. DMSA is a registered drug in USA and DMPS in
Germany. Several decades passed until Western clinicians fully realized their value. Today, they are
first-line antidotes in acute or chronic intoxications with many divalent metal salts. The clinical use of
DMSA and DMPS in metal intoxications was reviewed by Aaseth [115] and Aposhian et al. [125].
Originally, BAL was a general antidote particularly used in acute As [126] and inorganic Hg
poisonings [127]. Earlier, alternative antidotes did not exist. However, BAL is not considered a
good chelator today due to its high toxicity. BAL can increase the deposition of Hg and As in
the brain [128]. DMSA and DMPS, which are less toxic, are suited for both oral and parenteral
administration. Previously, EDTA was used in childhood and occupational Pb intoxications. However,
it is no longer recommended due to a possible redistribution of Pb to the brain [129].
4.1. BAL (2,3 dimercaptopropan-1-ol)
BAL, which is a dithiol compound, was originally used to treat poisonings caused by the war
gas Lewisite [121]. It competes successfully with protein SH groups for the treatment of Lewisite and
other As poisonings. Also, BAL forms stable chelates with other toxic metals. For several decades
after World War II, it was recommended for inorganic Hg, arsenic, antimony, gold, and bismuth
poisonings [130]. In cases of elevated intracranial pressure and encephalopathy due to acute Pb
poisonings, BAL was earlier recommended given i.m. in the initial phase in combination with calcium
EDTA infusion [131]. However, this advice is now outdated [129]. BAL has a short half-life. Within
four hours, its metabolism and excretion are completed. Given in full dose, BAL has severe and
sometimes very serious adverse effects, including elevated blood pressure followed by tachycardia.
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Due to the high toxicity, BAL is currently only used for a few days in life-threatening and acute Pb or
As intoxications [132]. Due to BAL’s small safety margin, tendency to redistribute toxic elements to
the brain, and painful intramuscular injections, it is, in most cases of metal poisoning, replaced by
DMSA and DMPS [4]. In the few cases when BAL is used, it is given as deep intramuscularly injections
(2.5 mg BAL/kg every four hours). BAL is contraindicated in the treatment of poisonings with Cd, as
well as alkyl- and aryl-Hg compounds.
4.2. DMSA (meso-dimercaptosuccinic acid, Succimer)
DMSA (meso-dimercaptosuccinic acid, Succimer) and DMPS (2,3-dimercaptopropane-1-sulfonic
acid, Unitiol) are water-soluble dithiols, derived from dimercaprol (2,3-dimercapto-1-propanol,
BAL) [133].
DMSA can be administered as intravenous, oral, transdermal, or suppository preparations. Plasma
and whole-blood half-lives and urinary elimination half-life of DMSA are less than four hours in
humans [134,135]; longer in Hg-intoxicated persons [136]. Since DMSA is hydrophilic, it can be
administered orally. About 20% of it is absorbed in the gastrointestinal tract, depending on the gut’s
health status. About 95% of the absorbed drug bind to plasma proteins (albumin). It probably binds
by one of its SH groups on a cysteine residue of albumin. Thereby, DMSA leaves its other SH group
free to bind metals [137]. Of the free drug, only a tiny amount remains [135]. Only 10%–25% of the
oral application is excreted through urine. The other part is excreted via feces. In the body, it is largely
metabolized to various disulfides with cysteine [138–140]. DMSA is confined to the extracellular space
and does not enter red blood cells [134]. It increases the excretion of Ag, Cd, Pb, and Hg via the urine.
Also, it can remove MeHg and Pb from animal brains [141]. Children have a lower renal clearance for
DMSA than healthy adults [135].
DMSA is considered the drug of choice in organic Hg poisonings [130,142]. It does not pass
the blood–brain barrier but appears to indirectly reduce the MeHg brain burden by changing the
brain-to-blood equilibrium [129,141,143–145].
Compared to other dithiol antidotes, DMSA is less toxic [146]. It also has the advantage that
practically no essential metal is lost (Fe, Ca, magnesium (Mg)). Only minor changes in Cu metabolism
is observed [144]. Side effects range from skin reactions, mild neutropenia, and gastrointestinal
discomfort, to increased liver enzymes [138]. Rare adverse effects of DMSA treatment are toxic
epidermal necrosis and mucocutaneous eruptions [143,147].
In 1991, Roels et al. [148] found that intake of two grams DMSA significantly elevated urinary Hg
excretion in occupationally Hg-exposed people. A meta-analysis by Miller et al. [137] proved DMSA
safe and efficient. They concluded that DMSA, due to its efficacy, urinary Hg excretion, and safety, is
the preferred antidote against Pb. On average, oral DMSA treatment increases the excretion of Pb by a
factor of 12. In 17 Pb-poisoned adults, DMSA reversed the gastrointestinal and neurological symptoms
of Pb poisoning [140]. Excretion of Pb after DMSA administration increased significantly in chronically
exposed adults and children [130]. A patient reported by Gustavsson and Gerhardsson had severe
symptoms of Pb poisoning from an accidentally ingested Pb bullet during a game meal. Years after the
incident, the patient was cured after removal of the bullet from the bowel and over one year of therapy
with DMSA [149].
4.3. DMPS (2,3-dimercaptopropane-1-sulfonic acid, Unitiol)
In different countries, DMPS can be prescribed as a drug in capsules for oral antidote treatment
(one capsule Dimaval® contains 100 mg DMPS) or in ampoules for intravenous treatment (5 mL
ampoule DMPS-Heyl® contains 250 mg DMPS). In Germany, DMPS is a registered drug for treatments
of Hg intoxication. However, it is not an approved drug in the US, so unless the U.S. Food and Drug
Administration gives special permission, DMPS cannot be legally used by physicians in the US, nor
can pharmacies compound it [150]. The daily dose is usually 3–10 mg DMPS/kg body weight.
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Many studies have proven its efficiency to chelate toxic metals in the body [145]. DMPS is
considered an optimal antidote in inorganic Hg poisonings [130]. For Pb and organic Hg poisonings, it
is less efficient than DMSA [151].
The fraction of absorption of oral DMPS is less than 40% [152]. DMPS can be administered
orally or intravenously. DMPS converts quickly to disulfide form. The half-life in different organs for
DMPS is approximately 20 min [153]. In animal experiments, relatively small DMPS concentrations
were detected in the brain and other organs [144]. DMPS is primarily excreted via urine and to
some part via the bile. Its use is usually accompanied by some loss of Zn and Cu. Therefore, it is
recommended to monitor and replace these trace elements before and after the treatment [154]. DMPS,
which is hydrophilic, is distributed primarily in the extracellular space, but a fraction can pass into the
intracellular compartment [130]. DMPS removes Hg better from the kidney than DMSA. In cases of
acute poisonings with inorganic mercuric salts, DMSA is considered the drug of choice [141,144].
4.4. Penicillamine (D-2-amino-3-mercapto-3-methylbutanoic acid)
d-Penicillamine (d-2-amino-3-mercapto-3-methylbutanoic acid, Cuprimine) was introduced in the
racemic form (PA) for the treatment of Wilson disease by John Walshe [155]. It is a product of penicillin
degradation. Its structure represents a dimethylated cysteine where two methyl groups surround
the SH group and give the molecule a higher resistance than cysteine against in vivo interactions.
The d-form of penicillamine has fewer side effects than the l-form and is currently the preferred
therapeutic form [156]. Penicillamine’s distribution volume consists primarily of the extracellular
space. Accidentally, penicillamine may give rise to serious adverse effects [157]. Also, d-penicillamine
has been used as an antidote in Hg and Pb poisonings, before DMSA and DMPS were clinically
introduced [130].
4.5. Lipoic and dihydrolipoic acids
Alpha-lipoic acid ((R)-5-(1,2-Dithiolan-3-yl)pentanoic acid, LA) is an organo-sulfur compound
also known as thioctic acid. It is usually produced in the body, and it is essential for aerobic metabolism.
The reduced form of LA, called dihydrolipoic acid (DHLA), contains a pair of thiol groups. Here again,
the R-enantiomer is the biologically and therapeutically active form. DHLA has high affinity to Hg
and has been proposed as an effective Hg antidote [158,159].
4.6. MiADMSA (monoisoamyl 2, 3-dimercaptosuccinic acid)
Monoisoamyl 2, 3-dimercaptosuccinic acid (MiADMSA) is currently in development as a future
chelating agent. In contrast to DMSA and DMPS, which effectively remove extracellularly distributed
Cd [160], MiADMSA can also chelate intracellular Cd [161]. This analog of DMSA can cross
biomembranes and is more efficient than DMSA in reducing the burden of subchronic and acute arsenic
intoxications [162]. Also, MiADMSA has lower toxicity than DMSA [163]. When used together with
N-acetylcysteine, it reduces significantly oxidative stress during chelation therapy [164].
4.7. Thiocarbamates (Diethyldithiocarbamate and Derivatives)
Depending on the lipophilicity of a metal-chelator complex, chelating agents may change the
metal’s organ distribution, and thereby potentially increase its toxicity. Diethyldithiocarbamate
(DDC) was originally suggested as an efficient chelator for acute Cd intoxication, as parenteral DDC
administration decreased mortality induced by parenteral Cd in animal experiments, even at protracted
time after Cd administration [165]. In general, DDC forms highly lipophilic complexes with divalent
metal ions. Increased brain deposition caused by exposure to DDC has been documented for organic
and inorganic Hg [166], as well as for Pb [167].
Molecules 2019, 24, 3247 11 of 32
However, some derivatives of DDC with higher molecular weight appear promising in mobilizing
aged Cd deposits. Thus, N(methoxybenzyl)-Dglucamine dithiocarbamate in studies on animals
effectively reduced the retention of Cd both in organs and the entire body. This agent’s effects were
shown to be less pronounced in younger than in older animals. The highest administered Cd fraction
retained in the liver, and the strongest chelation therapy effect observed was also on liver deposits.
Mobilized Cd was almost exclusively excreted through feces [168].
5. Combination of Chelating Agents
It has been shown that DMSA, used in combination with Monensin (the sodium salt of monensic
acid, an antibiotic used in ruminant animal feeds [45]), is even more efficient than when it is used
alone, in particular in removing Pb deposited in the brain. The suggested mechanism to explain this is
that there may be a cotransport of Pb and OH ions leaving the cells, in exchange with external sodium
ions; this would promote transport of intracellular Pb to extracellular DMSA, thereby enhancing its
effectiveness [169]. Thus, Monensin acts as a shuttling agent for DMSA [118]. The combination of EDTA
and BAL was, for many years, recommended in inorganic Pb poisonings [170–172]. It is reasonable to
assume that the tightly bound Hg-ions in the brain after long-term Hg0 vapor exposure, to some extent,
can be mobilized by using minor doses of BAL as a brain-to-blood shuttle, in combination with DMPS
to promote the final elimination from the body [118]. Furthermore, a combination of MiADMSA and
DMSA may be proven more efficient than each agent alone to promote Cd mobilization, although this
metal is tightly bound to MTs intracellularly [160].
In cases with acute Hg salt poisonings, venous hemodiafiltration (CVVHDF) is suggested in
combination with DMPS. In a case reported by Dargan, a man who had severe Hg poisoning
after the ingestion of one gram mercuric sulfate in a suicide attempt, presented acute hematemesis
and deteriorated rapidly. The treatment with the combined strategy saved him. He developed
no neurological symptoms and was symptom-free five months after being 50 days under hospital
care [173].
6. Chemical Features of BAL, DMSA, DMPS, Penicillamine, Lipoic Acid, Dihydrolipoic Acid,
and their Metal Chelates
6.1. Protonation of the Thiolate Anions
In the following, we report the acidic properties of the chelating agents BAL, DMSA, DMPS,
penicillamine, lipoic acid, and dihydrolipoic acid, together with those of the simpler ligands thioglycolic
acid and thiomalic acid related to DMSA, to obtain insight into the behavior of the parent molecules.
Table 3 reports selected protonation constants of these ligands (those concerning the mercapto groups
are marked in red) together with their structure, the used acronyms, the formula, and the molecular
weights. The protonation constants are of particular importance since they determine the biological
properties of a drug, such as its solubility, absorption, cell penetration, and bioavailability. Furthermore,
protonation constants are also of primary importance in determining the speciation of the complexes
formed with the toxic metal ions of interest.
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Table 3. Protonation constants of thioglycolic acid, thiomalic acid, meso-2,3-dimercaptosuccinic acid
(DMSA), dimercaptopropane sulfonate (DMPS), penicillamine, lipoic acid, dihydrolipoic acid, and
some other simple ligands useful to characterize the acid behavior of SH ligands.
Structure Name Acronym Formula MW log K1 log K2 log K3 log K4
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Dihydrolipoic
acid
DHLA C8H16O2S2 208.343 [178] 1 .02 9.86 4.73
The protonation constants related to the SH groups are marked in red. * Determined in non-aqueous solvent,
$ determined in t is work.
6.1.1. TGA and TMA
The speciation plots f thioglycolic acid (TGA) and thiomalic acid ( ) a e repo ted in Figure 1.
In the case of TGA, the negatively charged [LH]− species with protonated m rcapto gro p is the
prevailing one at physi logical pH. In the case of TM , the [LH]2- s ies, which ha lost tw protons
from the carboxylic gr ups, is the pr vailing one.
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Figure 1. Speciation plots of TGA (top) and TMA (bottom).
6.1.2. BAL
BAL (2,3 dimercaptopropan-1-ol, dimercaprol) is a visco s oily liquid with a pungent odor of
mercaptan, density 1.23985 g/mL, solubility in water 87 g/L, or 0.7 M [179,180]. It is characterized by
two protonation constants (log K1 10.8 and log K2 8.7 obtained as the mean values among the cases
reported at 25 ◦C and 0.1 M in the IUPAC Stability Constant Database [181]. The s eciation plot is
reported in Figure 2. The completely protonated form LH2 is prevalent at pH 7.4 (95.2%) together with
the monoprotonated form (LH)− (4.8%).
Molecules 2019, 24, 3247 14 of 32
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Figure 2. Speciation plots of British anti-Lewisite (BAL).
6.1.3. DMSA
DMSA (meso-2,3-dimercaptosuccinic acid, Succimer) is a white crystalline powder with m captan
odor and tas e, water-solubility 2.43 g/L (DMSA is sparingly soluble; it m st be titra ed with alkali
to pH 5.5 to go into soluti n, i.e., it must be salified on both carboxylic gr ups, as can be seen in the
speciation plot in Figure 3), log P =−0. . It is characterized by four protonation constants, l gK1 = 12.05,
logK2 = 9.65, logK3 = 3.43, and logK4 = 2.71. Its formula and the related speciation plot are presented
in Figure 3. The form [LH2]2− that has lost both the carboxylic protons is the prevalent form at pH 7.4
(99.4%).
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Figure 3. Speciation plots of DMSA.
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Esters of DMSA, more effective than DMSA at clearing Hg and Cd from the intracellular space,
have been developed successively. Their better chelating properties are attributed to their higher
lipophilicity, favoring cell penetration. Despite the esterification of carboxylic groups, the net charge
at pH 7.4 is almost the same as that of the parent molecule, due to the resulting increased acidity of
mercapto groups (Figure 4) [174].
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Figure 4. Speciation plots of methyl-DMSA (top) and dimethyl-DMSA (bottom).
6.1.4. DMPS
DMPS (2,3-dimerca t ropane-1-sulfoni acid) is used as the sodiu t t presents as a white
crystalline powder with one molecule of crystallization water of general formula C3H7NaO3S3 · H2O,
MW 228. 6, produced in Germany by Heyl Chemisch-pharm zeutische Fabrik GmbH, with the trade
Molecules 2019, 24, 3247 16 of 32
name of Dimaval®. It has a high water solubility of 350 g/L, corresponding to a 1.54 M solution.
It is commercially available as ampules for injection (250 mg as C3H7NaO3S3 in a sterile solution
under nitrogen atmosphere to protect against oxidation) or as 100 mg capsules for oral use (always
as C3H7NaO3S3). It is characterized by two protonation constants, logK1 = 11.62 and logK2 = 8.53,
behaving in the sulfonic group as a strong acid. Its formula and the related speciation plot are presented
in Figure 5. The form [LH2]− deprotonated on the sulfonic group is the prevalent form at pH 7.4
(99.4%) [182].
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6.1.6. Lipoic an dihydrolipoic acids
Lipoic acid, (R)-5-(1,2- it iol - - l) t ic ci , known as α-lipoic acid, (LA) or thioctic acid,
appears s yellow needle-like crystals. It is reported to be v ry slightly soluble in water (0.224 g/L,
corresponding to a solution 1.16 mM).
Since no protonation constant in water solution is reported in the literature for the carboxylic acid,
we determined it at 25 ◦C and 0.1 M NaCl ionic strength through potentiometric measurements. The
lipoic acid was a reagent-grade Aldrich product, used without further purification. The operating
conditions were those generally used by our research group [184]. The solution of ligand to be titrated
was obtained by dissolving an excess of lipoic acid in 0.1 M NaCl solution in an ultrasound bath for
3 h. This solution resulted in 6.1 mM of lipoic acid, corresponding to a solubility of 1.26 g/L, about six
times greater than that reported above. The log K of protonation resulted in 4.704 (1), very similar to
the value 4.73 for DHLA found by Bonomi et al. at the same experimental conditions [178].
Dihydrolipoic acid (DHLA), 6,8-Bis(sulfanyl)octanoic acid, is the reduced form of lipoic acid. It
is freely soluble in water (103 g/L corresponding to a 0.49 M solution), it has a log P 2.24, and it is
characterized by the three protonation constants logK1 = 11.02, logK2 = 9.86, and logK3 = 4.73 at 25 ◦C
and 0.1 M ionic strength [178]. The speciation plots of lipoic acid and DHLA are reported in Figure 7.
Some general features on the results for the protonation constants of mercapto groups (Table 3) can
be remarked. In molecules with a single SH group, the log K value presents a low variability, ranging
from 9.96 for TGA to 10.35 for DPEN. There is instead a large difference in both the first (10.38 BAL,
11.35 DMPS, and 12.05 DMSA) and also the second protonation constants (8.7 BAL, 8.69 DMPS, and
9.65 DMSA) when two SH groups are present in the molecule. These differences are to a large extent
due to the different charges on the entire molecule. The solid-state structures of a number of examined
chelating agents are presented in Table S1.
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Figure 7. Speciation pl ts of Lipoic acid (top) and dihydrolipoic acid (DHLA) (bottom).
6.2. Complex Formation Reactions between Hg2+, Cd2+, and Pb2+ and Thiol Chelating Agents
As remarked in a previous work [185], the literature reports only a few data on the complex
formation equilibria between Hg2+, Cd2+, Pb2+, and the thiol chelating agents in Table 4. The literature
complex formation constants are reported in Table 4. In the same table, the corresponding pM values
are reported for each ligand–metal ion system. Irrespective of the complexation model, the pM values
permit us to develop some consideration on the general behavior of each metal ion. The speciation
plots for the systems are shown in Figure S1.
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Table 4. Complex formation constants of thioglycolic acid, thiomalic acid, DMSA, DMPS, penicillamine,
lipoic acid, dihydrolipoic acid with Hg2+, Cd2+, and Pb2+. The pM values for each system are also
reported in red.
Hg2+ Cd2+ Pb2+
Ligand Species Logβ Species Logβ Species Logβ Temp./Ion. Str. Method
TGA [186]
HgL
34.5 [187]
CdLH
11.08 [188] PbL 8.5 [186] 25, 0.1 M
NaClO4
EMF
HgL2 40.5 CdL 4.34 [187] 25, 3 M
LiClO4
gl
CdL2 6.49 [188] 25, 0.15 M gl
pM 32.9 6.00 6.95
TMA [189]
HgL
9.94 [190]
CdL
10.05 [181] PbL 10.80 [189] 25, 0.1 M
KNO3
gl
HgL2 18.07 CdL2 13.51 [190] 25, 0.2 M
KNO3
gl
Cd3L4 41.59 [181] 30, 0.007
ClO4−
gl
pM 8.24 7.78 8.90
DMSA § —- [181]
CdLH3
28.73 [191] PbL 17.4 [181] 25, 0.1 M
KCl
gl
CdLH 23.50 [191] 25, 0.1 M Spect.
CdL 17.11
pM 11.48 11.45
DMPS [192]
HgL
42.2 [193]
CdL2
28.27 [181] PbL 16.38 [192] 25, 0.1 M
NaClO4
ISE
HgL2 53.1 Cd3L3 59.9 PbL2 22.21 [193] 25, 0.2 M
KNO3
gl
Cd3L4 71.9 [181] 20, 0.1
KNO3
EMF
Cd5L6 114.3
Cd7L8 156.7
pM 37.60 13.24 12.00
[181]
HgL
39.71 [181]
CdL
17.32 [181] 20, 0.1
KNO3
EMF
CdL2H 35.19 [181] 37, 0.15
NaCl
gl
CdL2 28.22
Cd2L2 37.72
Cd3L3H 61.91
pM 34.80 12.14
DPEN [194]
HgL
37.6 [190]
CdL
11.53 [181]
PbLH
15.87 [194] 25, 0.1 M
KNO3
HgL2H 52.31 CdL2 19.64 PbL 13.12 [190] 25, 0.2 M
KNO3
gl
HgL2 43.69 Cd3L4 50.22 PbL2H 26.19 [181] 25, 0.1 M
KCl
gl
PbL2 17.7
pM 34.50 8.61 10.50
[186]
HgL
37.8 [194]
CdL
11.51 [186] 25, 0.1 M
NaClO4
gl
HgL2H 53.6 CdL2H 15.94 [194] 25, 0.1 M
KNO3
HgL2 44.50 CdL2 19.52
CdL3 22.35
pM 35.30 8.46
§ Precipitation occurs [195].
In the case of Hg complexes, apart from the pHg value 8.24 for the Hg–TMA complexes studied by
Lenz and Martell [189], the pHg values are all extremely high, regardless of the number of SH groups
in the molecule. Contrarily, the pM values of Cd2+ and Pb2+.complexes with the ligands containing
two SH binding groups are higher than those with ligands with a SH group alone. The pCd and pPb
values are lower than the corresponding pHg values of more than 20 pM units. In a work of Basinger
et al. [186], the authors stated “(a) the structural chemistry of Hg2+ complexes with thiol-containing
ligands, (b) the stability constants for such systems and (c) the relative efficacy of 29 compounds as
antidotes for Hg poisoning has been carried out to determine the structural requirements for Hg2+
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antidotes. This leads to the suggestion that instances in which two thiol groups on the same chelate
molecule are simultaneously bonded to the same Hg2+ species in a complex, water-soluble or otherwise,
are not found, and Hg2+ species bearing two sulfur donors generally have a bond angle of 180◦ or so
between these two bonds. It was hypothesized, from this, that chelating agents bearing a single SH
group might be almost as effective as Hg antidotes as those bearing two groups. Data on the stability
constants and antidotal effectiveness are presented for such structures, but in general, molecules which
do not have the potential ability to chelate are also inferior as antidotes. From the data assembled, it
would appear that the presence of a second donor group is required. Because of the lability of the
Hg-SH bond, this second site seems necessary to provide the required kinetic stability for the complex.
In the case of dithiols, the Hg may move back and forth from one sulfur donor site to another but may
not (and possibly cannot) bind firmly and simultaneously to both donor sites.”
In their potentiometric equilibrium study on the complex formation reaction between Hg2+ and
dithiol chelating agents, Rivera et al. [195] pointed out the formation of a 1:1 complex in which both
the two thiol groups were involved in coordination. In the case of DMSA, they proposed the structure
in Figure 8, as well as Aposhian et al. [125] six years later.
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Figure 8. The molecular formula of DMSA–Hg complex proposed by Rivera et al. [193].
In a work of 2004, George et al. [145] presented a study of the solution chemistry of mercuric
ions with DMSA and DMPS, employing X-ray absorption spectroscopy and density functional theory
calculations (DFT). The reported c mplexes were Hg2L2 and Hg3L3 for DMSA, and Hg2L2 for DMPS,
at 1:1 M/L ratio. With DMPS at 1:4 M/L ratio, HgL4 was also observed. Contrary to established thinking
reported above, the authors st ted that the two functional groups of the chelator molecule cannot bind
a common atom of Hg because the distance betwee the two sulfur atoms in the olecule of DMSA
or DMPS does not allow the accommodation of a linear two-coordinate S–Hg–S species (Figure 8).
Therefore, they concluded that more complex structures must be occurring with at least two DMSA or
DMPS molecules and at least two Hg atoms, and based on DFT studies; they proposed the structures
in Figure 9 in which the two coordinated species are both close to linear.
Chekmeneva et al. used differential pulse voltammetry (DPV) and electrospray ionization mass
spectrometry (ESI-MS) to the study of the binding of DMSA, DMPS, and DPEN with Hg2+ metal
ions [196]. The use of voltammetric titrations allowed obtaining a thorough picture of the complexation
schemes in a concentration range extremely low. The main formed complexes were Hg(DPEN)2,
Hg2(DMSA)2, and Hg(DMPS)2. Further minor species were also evidenced; Hg2L species for DMSA
and DMPS by DPV; HgL2, Hg2L3, Hg3L3 for DMSA; and Hg2L2, Hg2L3, Hg3L3 for DMPS by ESI-MS.
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Figure 9. Calculated structures of the two diastereomers of the smallest possible DMSA:Hg2+ complex.
The carbon atoms are depicted as dark gray, oxygen atoms as red, hydrogen atoms as white, mercury
atoms as light gray, and sulfur atoms as yellow. Reproduced from reference [144].
The system Hg-DPEN was previously studied by Koszegi-Szalai and Paal [197], who by
potentiometric methods and Raman spectroscopy showed that variously protonated Hg(DPEN)2
complexes are the dominant species in a wide range of pH, and by Leung et al. [198]. These last authors
studied the complexation of Hg2+ by DPEN using EXAFS and 199Hg NMR, giving evidence of the
formation of HgL2, and HgL3 in excess of DPEN.
The structure of the complex formed by two DHLA molecules, one Hg2+ ion, and two phenyl-Hg
groups, shown in Figure 10, presents a similar linear binding coordination mode [199].
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The linear coordination of Hg2+ is also indirectly reported by Chekmeneva et al. [200], who
remarks the formation of 1:1 and 1:2 metal:ligand complexes through DPV, and give evidence of the
more complex stoichiometries Hg2(DHLA)2, Hg(DHLA)2, Hg2(DHLA)4, and Hg4(DHLA)4 through
ESI-MS spectroscopy. The formation of polynuclear species can be explained, taking into consideration
the short distance b tween the two thiol-groups in the chelating agent. Only the p rticipation of several
ligand moieties can provide a stable lin ar conformation with two thiol groups for ach Hg2+ metal
ion. The structures presented in Table S2 for a number of Hg–SH complexes confirm the preferred
linear coordination of the Hg2+ metal ion.
In the case of Cd2+ complexes with thiol-containing ligands (Table 4), a significant difference can
be observed between the pCd values of ligands containing a single SH group (TGA 6.00, TMA 7.78,
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DPEN 8.61, 8.46) and those containing two vicinal SH groups (DMSA 11.48, DMPS 13.24, 12.14). In
this last case, the possibility of forming tetrahedral chelates favors their stability. This is confirmed
by the solid-state structures presented in Table S3. In a recent study, Jahromi et al. [201] report a
structural study of the solution equilibria between Cd2+ and DMSA and DMPS. They make use of
different techniques, X-ray absorption spectroscopy (XAS), size exclusion chromatography, and density
functional theory (DFT). The results indicate complex chemistry consistent with both DMPS and
DMSA acting as true chelators, using two thiolates for DMPS and one thiolate and one carboxylate for
DMSA [201].
A behavior analogous to that of Cd2+ is presented by Pb2+ complexes, which show a definite
difference among the ligands bearing a single SH group (TGA 6.95, TMA 8.9) and those with two
vicinal SH groups (DMSA 11.45 and DMPS 12.00), while DPEN presents an intermediate behavior
with pPb 10.5, presumably for the involvement in coordination of NH2 or COO− groups. A paper
by Gala Morales et al. [202] presented a work where cyclic voltammetry (CV) and DPV were used
to study the complex formation of Pb2+ with DMSA and DMPS. Multivariate curve resolution was
applied to voltammetric results to estimate the stoichiometries and stability constants of the formed
complexes. In both systems, the ML2 was found as the predominant species. Table S4 presents a
number of solid-state structures of Pb2+ complexes with mercapto ligands.
7. Conclusions
Based on clinical, experimental, and in vitro studies discussed in the present review, some
up-to-date recommendations can be given with regard to drugs of choice in metal intoxications with
Hg, Cd, and Pb (Table 5). The metal chelator DMSA is considerably less toxic than the classical metal
antidote BAL, and today DMSA is the recommended agent in poisonings with Pb and organic Hg. Its
toxicity is also lower than that of DMPS, although DMPS is the recommended agent in acute poisonings
with mercuric salts. We have suggested that intracellular Cd deposits and cerebral deposits of inorganic
Hg, to some extent, can be mobilized by a combination of antidotes (Table 5), but clinical experience
with such combinations are lacking. The agent MiADMSA is not yet commercially available, and its
possible use in Pb poisonings must await further research. Moreover, the clinical combination of minor
doses of BAL with DMPS in cases of Hg vapor overexposure is also insufficiently studied.
Table 5. Recommended chelation treatment in poisonings with mercury, cadmium, and lead.
Toxic Agent Recommended Chelation Treatment
Inorganic mercuric salts DMPS
Methyl mercury DMSA
Elemental mercury vapor DMPS (initially combined with BAL)
Cadmium DMSA (combined with MiADMSA)
Lead DMSA (combined with Monensin)
Supplementary Materials: Supplementary materials are available online.
Funding: This research was funded by Regione Autonoma della Sardegna, grant number “RASSR79857”, by
Ministero dell’Istruzione, dell’Università e della Ricerca, grant number (PON RI 2014-2020) and by Ministarstvo
Prosvete, Nauke i Tehnološkog Razvoja (Project III 46009.
Acknowledgments: VMN thanks Regione Autonoma della Sardegna for the financial support of the project
RASSR79857 “Metallo-farmaci innovativi: biotrasformazione e target biologici. Un approccio integrato”, RC
acknowledges the financial support to the international PhD program in Innovation Sciences and Technologies
(PON RI 2014-2020) at the University of Cagliari. ABD acknowledges the financial support of the by the Ministry
of Education, Science and Technological Development, Republic of Serbia (Project III 46009).
Conflicts of Interest: The authors declare that they have no conflict of interest.
Molecules 2019, 24, 3247 23 of 32
References
1. ATSDR. ATSDR Substance Priority List; ATSDR: Atlanta, GA, USA, 2017.
2. World Health Organisation. Ten Chemicals of Major Public Health Concern; WHO: Geneva, Switzerland, 2010;
pp. 1–4.
3. Pearson, R.G. Hard and Soft Acids and Bases. J. Am. Chem. Soc. 1963, 85, 3533–3539. [CrossRef]
4. Aaseth, J.; Skaug, M.A.; Cao, Y.; Andersen, O. Chelation in metal intoxication-Principles and paradigms.
J. Trace Elem. Med. Biol. 2015, 31, 260–266. [CrossRef]
5. Clarkson, T.W. The toxicology of mercury. Crit. Rev. Clin. Lab. Sci. 1997, 34, 369–403. [CrossRef] [PubMed]
6. Bjørklund, G.; Dadar, M.; Mutter, J.; Aaseth, J. The toxicology of mercury: Current research and emerging
trends. Environ. Res. 2017, 159, 545–554. [CrossRef] [PubMed]
7. Maqbool, F.; Niaz, K.; Hassan, F.I.; Khan, F.; Abdollahi, M. Immunotoxicity of mercury: Pathological and
toxicological effects. J. Environ. Sci. Health Part C 2017, 35, 29–46. [CrossRef] [PubMed]
8. Branco, V.; Caito, S.; Farina, M.; Teixeira da Rocha, J.; Aschner, M.; Carvalho, C. Biomarkers of mercury
toxicity: Past, present, and future trends. J. Toxicol. Environ. Health Part B 2017, 20, 119–154. [CrossRef]
9. Scott, R.A. (Ed.) Encyclopedia of Inorganic and Bioinorganic Chemistry; John Wiley and Sons: Hoboken, NJ,
USA, 2011.
10. Nordberg, G.F.; Fowler, B.A.; Nordberg, M. Handbook on the Toxicology of Metals: Fourth Edition; Academic
Press: Cambridge, MA, USA, 2014; ISBN 9780123973399.
11. Bose-O’Reilly, S.; McCarty, K.M.; Steckling, N.; Lettmeier, B. Mercury exposure and children’s health. Curr.
Probl. Pediatric Adolesc. Health Care 2010, 40, 186–215. [CrossRef]
12. Selin, N.E. Global Biogeochemical Cycling of Mercury: A Review Noelle Eckley Selin. Annu. Rev. Environ.
Resour. 2009, 34, 43–63. [CrossRef]
13. UNEP. Global Mercury Assessment 2013: Sources, Emissions, Releases, and Environmental Transport; UNEP
Chemicals Branch: Geneva, Switzerland, 2013.
14. Bjørklund, G.; Lindh, U.; Aaseth, J.; Mutter, J.; Chirumbolo, S. Mercury in dental amalgams: A great concern
for clinical toxicology in developing countries? J. Trace Elem. Med. Biol. 2019, 51, 9–11. [CrossRef]
15. Rice, K.M.; Walker, E.M.; Wu, M.; Gillette, C.; Blough, E.R. Environmental mercury and its toxic effects.
J. Prev. Med. Public Heal. 2014, 47, 74–83. [CrossRef]
16. Bjørklund, G. The history of dental amalgam. Tidsskr. Nor. Laegeforen. 1989, 109, 3582–3585. (In Norwegian)
17. Risher, J. Toxicological Profile for Mercury. In ATSDR’s Toxicological Profiles; ATSDR: Atlanta, GA, USA, 2010.
18. Rooney, J.P.K. The retention time of inorganic mercury in the brain—A systematic review of the evidence.
Toxicol. Appl. Pharmacol. 2014, 274, 425–435. [CrossRef] [PubMed]
19. Pendergrass, J.C.; Haley, B.E.; Vimy, M.J.; Winfield, S.A.; Lorscheider, F.L. Mercury vapor inhalation inhibits
binding of GTP to tubulin in rat brain: Similarity to a molecular lesion in Alzheimer diseased brain.
Neurotoxicology 1997, 18, 315–324. [PubMed]
20. Bjørklund, G.; Tinkov, A.A.; Dadar, M.; Rahman, M.M.; Chirumbolo, S.; Skalny, A.V.; Skalnaya, M.G.;
Haley, B.E.; Ajsuvakova, O.P.; Aaseth, J. Insights into the Potential Role of Mercury in Alzheimer’s Disease.
J. Mol. Neurosci. 2019, 67, 511–533. [CrossRef] [PubMed]
21. Ask, K.; Åkesson, A.; Berglund, M.; Vahter, M. Inorganic mercury and methylmercury in placentas of Swedish
women. Environ. Health Perspect. 2002, 110, 523–526. [CrossRef]
22. Björnberg, K.A.; Vahter, M.; Petersson-Grawé, K.; Glynn, A.; Cnattingius, S.; Darnerud, P.O.; Atuma, S.;
Aune, M.; Becker, W.; Berglund, M. Methyl mercury and inorganic mercury in Swedish pregnant women
and in cord blood: Influence of fish consumption. Environ. Health Perspect. 2003, 111, 637–641.
23. Aaseth, J.; Hilt, B.; Bjørklund, G. Mercury exposure and health impacts in dental personnel. Environ. Res.
2018, 164, 65–69. [CrossRef] [PubMed]
24. Bjørklund, G.; Hilt, B.; Dadar, M.; Lindh, U.; Aaseth, J. Neurotoxic effects of mercury exposure in dental
personnel. Basic Clin. Pharmacol. Toxicol. 2019, 124, 568–574. [CrossRef]
25. Mathiesen, T.; Ellingsen, D.G.; Kjuus, H. Neuropsychological effects associated with exposure to mercury
vapor among former chloralkali workers. Scand. J. Work Environ. Health 1999, 25, 342–350. [CrossRef]
26. Albers, J.W.; Kallenbach, L.R.; Fine, L.J.; Langolf, G.D.; Wolfe, R.A.; Donofrio, P.D.; Alessi, A.G.;
Stolp-Smith, K.A.; Bromberg, M.B. Neurological abnormalities associated with remote occupational elemental
mercury exposure. Ann. Neurol. 1988, 24, 651–659. [CrossRef]
Molecules 2019, 24, 3247 24 of 32
27. Letz, R.; Gerr, F.; Cragle, D.; Green, R.; Watkins, J.; Fidler, A. Residual neurologic deficits 30 years after
occupational exposure to elemental mercury. Neurotoxicology 2000, 21, 459–474. [PubMed]
28. Clarkson, T.W.; Magos, L. The toxicology of mercury and its chemical compounds. Crit. Rev. Toxicol. 2006,
36, 609–662. [CrossRef] [PubMed]
29. International Programme on Chemical Safety (IPCS). Inorganic Mercury, Environmental Health Criteria 118;
World Health Organization: Geneva, Switzerland, 1991.
30. Brooks, W.E. Industrial Use of Mercury in the Ancient World. In Mercury in the Environment; USGS: Reston,
VA, USA, 2012.
31. Buckell, M.; Hunter, D.; Milton, R.; Perry, K.M. Chronic mercury poisoning. Br. J. Ind. Med. 1993, 50, 97–106.
[CrossRef] [PubMed]
32. Park, J.D.; Zheng, W. Human exposure and health effects of inorganic and elemental mercury. J. Prev. Med.
Public Health 2012, 45, 344–352. [CrossRef] [PubMed]
33. WHO. Exposure to Mercury: A Major Public Health Concern; WHO: Geneva, Switzerland, 2006.
34. Likens, G.E. Biogeochemistry of Inland Waters; Academic Press: Cambridge, MA, USA, 2010;
ISBN 9780123819963.
35. Grandjean, P.; Satoh, H.; Murata, K.; Eto, K. Adverse effects of methylmercury: Environmental health
research implications. Environ. Health Perspect. 2010, 118, 1137–1145. [CrossRef] [PubMed]
36. Harada, M. Minamata Disease: Methylmercury Poisoning in Japan Caused by Environmental Pollution.
Crit. Rev. Toxicol. 1995, 25, 1–24. [CrossRef]
37. Hinton, J.; Veiga, M. Mercury contaminated sites: A review of remedial solutions. In Proceedings of the
National Institute for Minamata Disease, Kumamoto, Japan, 1 March 2001.
38. Amin Zaki, L.; Elhassani, S.; Majeed, M.A.; Clarkson, T.W.; Doherty, R.A.; Greenwood, M.R.;
Giovanoli-Jakubczak, T. Perinatal Methylmercury Poisoning in Iraq. Am. J. Dis. Child. 1976, 130,
1070–1076. [CrossRef] [PubMed]
39. Clarkson, T.W.; Vyas, J.B.; Ballatori, N. Mechanisms of mercury disposition in the body. Am. J. Ind. Med.
2007, 50, 757–764. [CrossRef] [PubMed]
40. Fernandes Azevedo, B.; Barros Furieri, L.; Peçanha, F.M.; Wiggers, G.A.; Frizera Vassallo, P.; Ronacher
Simões, M.; Fiorim, J.; Rossi de Batista, P.; Fioresi, M.; Rossoni, L.; et al. Toxic Effects of Mercury on the
Cardiovascular and Central Nervous Systems. J. Biomed. Biotechnol. 2012. [CrossRef]
41. Cariccio, V.L.; Samà, A.; Bramanti, P.; Mazzon, E. Mercury Involvement in Neuronal Damage and in
Neurodegenerative Diseases. Biol. Trace Elem. Res. 2019, 187, 341–356. [CrossRef] [PubMed]
42. Vejrup, K.; Brandlistuen, R.E.; Brantsæter, A.L.; Knutsen, H.K.; Caspersen, I.H.; Alexander, J.; Lundh, T.;
Meltzer, H.M.; Magnus, P.; Haugen, M. Prenatal mercury exposure, maternal seafood consumption and
associations with child language at five years. Environ. Int. 2018, 110, 71–79. [CrossRef] [PubMed]
43. Bjørklund, G.; Skalny, A.V.; Rahman, M.M.; Dadar, M.; Yassa, H.A.; Aaseth, J.; Chirumbolo, S.; Skalnaya, M.G.;
Tinkov, A.A. Toxic metal (loid)-based pollutants and their possible role in autism spectrum disorder. Environ.
Res. 2018, 166, 234–250. [CrossRef] [PubMed]
44. IARC. IARC Monographs on the Evaluation of the Carcinogenic Risk of Chemicals to Man; IARC: Lyon, France, 1993.
45. Remelli, M.; Nurchi, V.M.; Lachowicz, J.I.; Medici, S.; Zoroddu, M.A.; Peana, M. Competition between Cd (II)
and other divalent transition metal ions during complex formation with amino acids, peptides, and chelating
agents. Coord. Chem. Rev. 2016, 327–328, 55–69. [CrossRef]
46. IARC. IARC Monographs on the Evaluation of Carcinogenic Risks to Humans. Painting, Firefighting, and Shiftwork;
IARC: Lyon, France, 2010; Volume 100.
47. EFSA. Cadmium in food-Scientific opinion of the Panel on Contaminants in the Food Chain: Cadmium in
food-Scientific opinion of the Panel on Contaminants in the Food Chain. EFSA J. 2009, 7, 980.
48. WHO. Exposure to Cadmium: A Major Public Health Concern; WHO: Geneva, Switzerland, 2010.
49. Crea, F.; Foti, C.; Milea, D.; Sammartano, S. Speciation of Cadmium in the Environment. In Cadmium: From
Toxicity to Essentiality; Sigel, A., Sigel, H., Sigel, R.K.O., Eds.; Springer Science & Business Media: Dordrecht,
The Netherlands, 2013; Chapter 3; Volume 11, pp. 63–83.
50. Järup, L.; Åkesson, A. Current status of cadmium as an environmental health problem. Toxicol. Appl.
Pharmacol. 2009, 238, 201–208. [CrossRef] [PubMed]
51. Satarug, S. Dietary Cadmium Intake and Its Effects on Kidneys. Toxics 2018, 6, 15. [CrossRef]
Molecules 2019, 24, 3247 25 of 32
52. Satarug, S.; Vesey, D.A.; Gobe, G.C. Current health risk assessment practice for dietary cadmium: Data from
different countries. Food Chem. Toxicol. 2017, 106, 430–445. [CrossRef]
53. Olsson, I.M.; Bensryd, I.; Lundh, T.; Ottosson, H.; Skerfving, S.; Oskarsson, A. Cadmium in blood and urine
—Impact of sex, age, dietary intake, iron status, and former smoking—Association of renal effects. Environ.
Health Perspect. 2002, 110, 1185–1190. [CrossRef]
54. FAO/WHO; Food and Agriculture Organization of the United Nations; World Health Organization.
Seventy-third Meeting, Geneva, 8–17 June 2010. Summary and Conclusions. JECFA/73/SC. 2010. Available
online: http://www.who.int/foodsafety/publications/chem/summary73.pdf (accessed on 28 July 2019).
55. Mortensen, M.E.; Wong, L.Y.; Osterloh, J.D. Smoking status and urine cadmium above levels associated with
subclinical renal effects in U.S. adults without chronic kidney disease. Int. J. Hyg. Environ. Health 2011, 214,
305–310. [CrossRef]
56. Zhang, H.; Reynolds, M. Cadmium exposure in living organisms: A short review. Sci. Total Environ. 2019,
678, 761–767. [CrossRef]
57. Aoshima, K. Itai-itai disease: Renal tubular osteomalacia induced by environmental exposure to
cadmium—Historical review and perspectives. Soil Sci. Plant Nutr. 2016, 62, 319–326. [CrossRef]
58. Suwazono, Y.; Kido, T.; Nakagawa, H.; Nishijo, M.; Honda, R.; Kobayashi, E.; Dochi, M.; Nogawa, K.
Biological half-life of cadmium in the urine of inhabitants after cessation of cadmium exposure. Biomarkers
2009, 14, 77–81. [CrossRef] [PubMed]
59. Fransson, M.N.; Barregard, L.; Sallsten, G.; Akerstrom, M.; Johanson, G. Physiologically-based toxicokinetic
model for cadmium using markov-chain monte carlo analysis of concentrations in blood, urine, and kidney
cortex from living kidney donors. Toxicol. Sci. 2014, 141, 365–376. [CrossRef] [PubMed]
60. Mezynska, M.; Brzóska, M.M. Environmental exposure to cadmium—A risk for health of the general
population in industrialized countries and preventive strategies. Environ. Sci. Pollut. Res. 2018, 25, 3211–3232.
[CrossRef] [PubMed]
61. Hyder, O.; Chung, M.; Cosgrove, D.; Herman, J.M.; Li, Z.; Firoozmand, A.; Gurakar, A.; Koteish, A.;
Pawlik, T.M. Cadmium Exposure and Liver Disease among US Adults. J. Gastrointest. Surg. 2013, 17,
1265–1273. [CrossRef] [PubMed]
62. James, K.A.; Meliker, J.R. Environmental cadmium exposure and osteoporosis: A review. Int. J. Public Health
2013, 58, 737–745. [CrossRef] [PubMed]
63. Deering, K.E.; Callan, A.C.; Prince, R.L.; Lim, W.H.; Thompson, P.L.; Lewis, J.R.; Hinwood, A.L.; Devine, A.
Low-level cadmium exposure and cardiovascular outcomes in elderly Australian women: A cohort study.
Int. J. Hyg. Environ. Health 2018, 221, 347–354. [CrossRef] [PubMed]
64. Wang, Y.X.; Sun, Y.; Feng, W.; Wang, P.; Yang, P.; Li, J.; Huang, Z.; Chen, Y.J.; Liu, C.; Sun, L.; et al. Association
of urinary metal levels with human semen quality: A cross-sectional study in China. Environ. Int. 2016, 91,
51–59. [CrossRef]
65. Silva, N.; Peiris-John, R.; Wickremasinghe, R.; Senanayake, H.; Sathiakumar, N. Cadmium a metalloestrogen:
Are we convinced? J. Appl. Toxicol. 2012, 32, 318–332. [CrossRef]
66. Chen, X.; Zhu, G.; Jin, T. Effects of Cadmium Exposure on Age of Menarche and Menopause. Toxics 2017, 6, 6.
[CrossRef]
67. Buha, A.; Matovic, V.; Antonijevic, B.; Bulat, Z.; Curcic, M.; Renieri, E.A.; Tsatsakis, A.M.; Schweitzer, A.;
Wallace, D. Overview of cadmium thyroid disrupting effects and mechanisms. Int. J. Mol. Sci. 2018, 19, 1501.
[CrossRef] [PubMed]
68. Xing, Y.; Xia, W.; Zhang, B.; Zhou, A.; Huang, Z.; Zhang, H.; Liu, H.; Jiang, Y.; Hu, C.; Chen, X.; et al. Relation
between cadmium exposure and gestational diabetes mellitus. Environ. Int. 2018, 113, 300–305. [CrossRef]
[PubMed]
69. Jacquet, A.; Ounnas, F.; Lénon, M.; Arnaud, J.; Demeilliers, C.; Moulis, J.-M. Chronic Exposure to Low-Level
Cadmium in Diabetes: Role of Oxidative Stress and Comparison with Polychlorinated Biphenyls. Curr. Drug
Targets 2016, 17, 1385–1413. [CrossRef] [PubMed]
70. Renieri, E.A.; Sfakianakis, D.G.; Alegakis, A.A.; Safenkova, I.V.; Buha, A.; Matovic´, V.; Tzardi, M.;
Dzantiev, B.B.; Divanach, P.; Kentouri, M.; et al. Nonlinear responses to waterborne cadmium exposure in
zebrafish. An in vivo study. Environ. Res. 2017, 157, 173–181. [CrossRef] [PubMed]
71. International Agency for Research on Cancer (IARC). IARC Cadmium and Cadmium Compounds; 100C ed.;
WHO Press: Lyon, France, 2012; Volume 100C.
Molecules 2019, 24, 3247 26 of 32
72. Buha, A.; Wallace, D.; Matovic, V.; Schweitzer, A.; Oluic, B.; Micic, D.; Djordjevic, V. Cadmium Exposure as a
Putative Risk Factor for the Development of Pancreatic Cancer: Three Different Lines of Evidence. BioMed
Res. Int. 2017, 2017, 1981837. [CrossRef] [PubMed]
73. Djordjevic, V.R.; Wallace, D.R.; Schweitzer, A.; Boricic, N.; Knezevic, D.; Matic, S.; Grubor, N.; Kerkez, M.;
Radenkovic, D.; Bulat, Z.; et al. Environmental cadmium exposure and pancreatic cancer: Evidence from
case control, animal and in vitro studies. Environ. Int. 2019, 128, 353–361. [CrossRef] [PubMed]
74. Feki-Tounsi, M.; Hamza-Chaffai, A. Cadmium as a possible cause of bladder cancer: A review of accumulated
evidence. Environ. Sci. Pollut. Res. 2014, 21, 10561–10573. [CrossRef]
75. Vinceti, M.; Venturelli, M.; Sighinolfi, C.; Trerotoli, P.; Bonvicini, F.; Ferrari, A.; Bianchi, G.; Serio, G.;
Bergomi, M.; Vivoli, G. Case-control study of toenail cadmium and prostate cancer risk in Italy. Sci. Total
Environ. 2007, 373, 77–81. [CrossRef]
76. Van Maele-Fabry, G.; Lombaert, N.; Lison, D. Dietary exposure to cadmium and risk of breast cancer in
postmenopausal women: A systematic review and meta-analysis. Environ. Int. 2016, 86, 1–13. [CrossRef]
77. Matovic´, V.; Buha, A.; Dukic´-C´osic´, D.; Bulat, Z. Insight into the oxidative stress induced by lead and/or
cadmium in blood, liver and kidneys. Food Chem. Toxicol. 2015, 78, 130–140. [CrossRef]
78. Matovic´, V.; Buha, A.; Bulat, Z.; Đukic´-C´osic´, D. Cadmium Toxicity Revisited: Focus on Oxidative Stress
Induction and Interactions with Zinc and Magnesium. Arch. Ind. Hyg. Toxicol. 2011, 62, 65–76. [CrossRef]
[PubMed]
79. Bulat, Z.; Dukic´-C´osic´, D.; Antonijevic´, B.; Buha, A.; Bulat, P.; Pavlovic´, Z.; Matovic´, V. Can zinc
supplementation ameliorate cadmium-induced alterations in the bioelement content in rabbits? Arh.
Hig. Rada Toksikol. 2017, 68, 38–45. [CrossRef] [PubMed]
80. Bulat, Z.; Đukic´-C´osic´, D.; Antonijevic´, B.; Bulat, P.; Vujanovic´, D.; Buha, A.; Matovic´, V. Effect of Magnesium
Supplementation on the Distribution Patterns of Zinc, Copper, and Magnesium in Rabbits Exposed to
Prolonged Cadmium Intoxication. Sci. World J. 2012, 2012, 572514. [CrossRef] [PubMed]
81. Buha, A.; Bulat, Z.; Dukic-Cosic, D.; Matovic, V. Effects of oral and intraperitoneal magnesium treatment
against cadmium-induced oxidative stress in plasma of rats. Arch. Ind. Hyg. Toxicol. 2012, 63, 247–254.
[CrossRef] [PubMed]
82. Buha, A.; Jugdaohsingh, R.; Matovic, V.; Bulat, Z.; Antonijevic, B.; Kerns, J.G.; Goodship, A.; Hart, A.;
Powell, J.J. Bone mineral health is sensitively related to environmental cadmium exposure-experimental and
human data. Environ. Res. 2019, 176, 108539. [CrossRef] [PubMed]
83. Wallace, D.; Spandidos, D.; Tsatsakis, A.; Schweitzer, A.; Djordjevic, V.; Djordjevic, A. Potential interaction of
cadmium chloride with pancreatic mitochondria: Implications for pancreatic cancer. Int. J. Mol. Med. 2019,
44, 145–156. [CrossRef] [PubMed]
84. Fay, M.; Alt, L.; Ryba, D.; Salamah, R.; Peach, R.; Papaeliou, A.; Zawadzka, S.; Weiss, A.; Patel, N.; Rahman, A.;
et al. Cadmium Nephrotoxicity Is Associated with Altered MicroRNA Expression in the Rat Renal Cortex.
Toxics 2018, 6, 16. [CrossRef] [PubMed]
85. Papanikolaou, N.C.; Hatzidaki, E.G.; Belivanis, S.; Tzanakakis, G.N.; Tsatsakis, A.M. Lead toxicity update. A
brief review. Med. Sci. Monit. 2005, 11, 329–336.
86. Patrick, L. Lead toxicity, a review of the literature. Part I: Exposure, evaluation, and treatment. Altern. Med.
Rev. 2006, 11, 2–22.
87. Oudijk, G. The rise and fall of organometallic additives in automotive gasoline. Environ. Forensics 2010, 11,
17–49. [CrossRef]
88. Maas, R.P.; Patch, S.C.; Morgan, D.M.; Pandolfo, T.J. Reducing lead exposure from drinking water: Recent
history and current status. Public Health Rep. 2005, 120, 316–321. [CrossRef] [PubMed]
89. Casas, S.J.; Sordo, J. Lead Chemistry, Analytical Aspects, Environmental Impact and Health Effects; Elsevier:
Amsterdam, The Netherlands, 2006; ISBN 9780444529459.
90. EFSA (European Food Safety Authority). Scientific Opinion on Lead in Food. EFSA J. 2010, 8, 1570. [CrossRef]
91. Laidlaw, M.A.S.; Filippelli, G.M.; Sadler, R.C.; Gonzales, C.R.; Ball, A.S.; Mielke, H.W. Children’s blood lead
seasonality in flint, Michigan (USA), and soil-sourced lead hazard risks. Int. J. Environ. Res. Public Health
2016, 13, 358. [CrossRef]
Molecules 2019, 24, 3247 27 of 32
92. Safruk, A.M.; McGregor, E.; Whitfield Aslund, M.L.; Cheung, P.H.; Pinsent, C.; Jackson, B.J.; Hair, A.T.;
Lee, M.; Sigal, E.A. The influence of lead content in drinking water, household dust, soil, and paint on blood
lead levels of children in Flin Flon, Manitoba and Creighton, Saskatchewan. Sci. Total Environ. 2017, 593–594,
202–210. [CrossRef] [PubMed]
93. O’Connor, D.; Hou, D.; Ye, J.; Zhang, Y.; Ok, Y.S.; Song, Y.; Coulon, F.; Peng, T.; Tian, L. Lead-based paint
remains a major public health concern: A critical review of global production, trade, use, exposure, health
risk, and implications. Environ. Int. 2018, 121, 85–101. [CrossRef] [PubMed]
94. Philip, A.T.; Gerson, B. Lead poisoning—Part I. Incidence, etiology, and toxicokinetics. Clin. Lab. Med. 1994,
14, 423–444. [CrossRef]
95. Markowitz, M. Lead poisoning: A disease for the next millennium. Curr. Probl. Pediatr. 2000, 30, 62–70.
[CrossRef] [PubMed]
96. Gulson, B.L.; Mizon, K.J.; Korsch, M.J.; Palmer, J.M.; Donnelly, J.B. Mobilization of lead from human bone
tissue during pregnancy and lactation—A summary of long-term research. Sci. Total Environ. 2003, 303,
79–104. [CrossRef]
97. Abadin, H.; Ashizawa, A.; Llados, F.; Stevens, Y.W. Toxicological Profile for Lead. In ATSDR’s Toxicological
Profiles; ATSDR: Atlanta, GA, USA, 2010.
98. Bjørklund, G.; Dadar, M.; Chirumbolo, S.; Aaseth, J. High content of lead is associated with the softness of
drinking water and raised cardiovascular morbidity: A review. Biol. Trace Elem. Res. 2018, 186, 384–394.
[CrossRef] [PubMed]
99. American Academy of Pediatrics Committee on Environmental Health. Lead exposure in children:
Prevention, detection, and management; CCHMC guideline. Pediatrics 2005, 116, 1036. [CrossRef]
100. Grandjean, P. Even low-dose lead exposure is hazardous. Lancet 2010, 376, 855–856. [CrossRef]
101. IARC Working Group on the Evaluation of Carcinogenic Risks to Humans. Inorganic and Organic Lead
Compounds. IARC Monogr. Eval. Carcinog. Risks Hum. 2006, 87, 1.
102. Andjelkovic, M.; Djordjevic, A.B.; Antonijevic, E.; Antonijevic, B.; Stanic, M.; Kotur-Stevuljevic, J.;
Spasojevic-Kalimanovska, V.; Jovanovic, M.; Boricic, N.; Wallace, D.; et al. Toxic effect of acute cadmium
and lead exposure in rat blood, liver, and kidney. Int. J. Environ. Res. Public Health 2019, 16, 274. [CrossRef]
[PubMed]
103. Ahmed, Y.F.; Eldebaky, H.A.A.; Mahmoud, K.G.M.; Nawito, M. Effects of lead exposure on DNA damage
and apoptosis in reproductive and vital organs in female rabbits. Glob. Vet. 2012, 9, 401–408.
104. Margoshes, M.; Valiee, B.L. A Cadmium Protein from Equine Kidney Cortex. J. Am. Chem. Soc. 1957, 79,
4813–4814. [CrossRef]
105. Felizola, S.J.A.; Nakamura, Y.; Arata, Y.; Ise, K.; Satoh, F.; Rainey, W.E.; Midorikawa, S.; Suzuki, S.; Sasano, H.
Metallothionein-3 (MT-3) in the Human Adrenal Cortex and its Disorders. Endocr. Pathol. 2013, 25, 229–235.
[CrossRef]
106. Coyle, P.; Philcox, J.C.; Carey, L.C.; Rofe, A.M. Metallothionein: The multipurpose protein. Cell. Mol. Life Sci.
2002, 59, 627–647. [CrossRef] [PubMed]
107. Lee, S.J.; Koh, J.Y. Roles of zinc and metallothionein-3 in oxidative stress-induced lysosomal dysfunction, cell
death, and autophagy in neurons and astrocytes. Mol. Brain 2010, 3, 30. [CrossRef]
108. Kumari, M.V.R.; Hiramatsu, M.; Ebadi, M. Free radical scavenging actions of metallothionein isoforms I and
II. Free Radic. Res. 1998, 29, 93–101. [CrossRef]
109. Bolognin, S.; Cozzi, B.; Zambenedetti, P.; Zatta, P. Metallothioneins and the central nervous system: From a
deregulation in neurodegenerative diseases to the development of new therapeutic approaches. J. Alzheimer’s
Dis. 2014, 41, 29–42. [CrossRef]
110. Couto, N.; Malys, N.; Gaskell, S.J.; Barber, J. Partition and turnover of glutathione reductase from
saccharomyces cerevisiae: A proteomic approach. J. Proteome Res. 2013, 12, 2885–2894. [CrossRef]
[PubMed]
111. Ballatori, N.; Clarkson, T.W. Sulfobromophthalein inhibition of glutathione and methylmercury secretion
into bile. Am. J. Physiol. Liver Physiol. 2017, 248, 238–245. [CrossRef] [PubMed]
112. Alexander, J.; Aaseth, J. Biliary excretion of copper and zinc in the rat as influenced by diethylmaleate,
selenite and diethyldithiocarbamate. Biochem. Pharmacol. 1980, 29, 2129–2133. [CrossRef]
Molecules 2019, 24, 3247 28 of 32
113. Cigala, R.M.; Crea, F.; De Stefano, C.; Lando, G.; Milea, D.; Sammartano, S. Modeling the acid-base properties
of glutathione in different ionic media, with particular reference to natural waters and biological fluids.
Amino Acids 2013, 43, 629–648. [CrossRef] [PubMed]
114. Morgan, G.T.; Drew, H.D.K. CLXII.—Researches on residual affinity and co-ordination. Part II. Acetylacetones
of selenium and tellurium. J. Chem. Soc. Trans. 1920, 117, 1456–1465. [CrossRef]
115. Aaseth, J. Recent Advance in the Therapy of Metal Poisonings with Chelating Agents. Hum. Exp. Toxicol.
1983, 2, 257–272. [CrossRef]
116. Aaseth, J.; Crisponi, G.; Anderson, O. Chelation Therapy in the Treatment of Metal Intoxication; Academic Press:
Cambridge, MA, USA, 2016; ISBN 9780128030721.
117. Crisponi, G.; M Nurchi, V.; Crespo-Alonso, M.; Toso, L. Chelating Agents for Metal Intoxication. Curr. Med.
Chem. 2012, 7, 2745–2788.
118. Aaseth, J.; Ajsuvakova, O.P.; Skalny, A.V.; Skalnaya, M.G.; Tinkov, A.A. Chelator combination as therapeutic
strategy in mercury and lead poisonings. Coord. Chem. Rev. 2018, 358, 1–12. [CrossRef]
119. Voegtlin, C.; Smith, H.W.; Crane, M.M.; Wright, K.D.; Connell, M.A. Quantitative Studies in Chemotherapy:
I. The Trypanocidal Action of Arsenic and Antimony Compounds. J. Pharmacol. Exp. Ther. 1920, 15, 453–473.
120. Kety, S.S.; Letonoff, T.V. Treatment of lead poisoning by sodium citrate. Amer. J.Med. Sci. 1943, 205, 406–414.
[CrossRef]
121. Peters, R.A. Development and theortical significance of british anti-lewisite (bal). Br. Med. Bull. 1948, 5,
313–318. [CrossRef] [PubMed]
122. Smith, H.D. Lead poisoning in children and its therapy with EDTA. Ind. Med. Surg. 1959, 28, 148–151.
[PubMed]
123. Ding, G.-S.; Liang, Y.-Y. Antidotal effects of dimercaptosuccinic acid. J. Appl. Toxicol. 1991, 11, 7–14.
[CrossRef] [PubMed]
124. Oginski, M. Use of unitiol for speeding up renal excretion of Chlormerodrin203Hg. Int. Urol. Nephrol. 1971,
3, 203–208. [CrossRef] [PubMed]
125. Aposhian, H.V.; Maiorino, R.M.; Gonzalez-Ramirez, D.; Zuniga-Charles, M.; Xu, Z.; Hurlbut, K.M.;
Junco-Munoz, P.; Dart, R.C.; Aposhian, M.M. Mobilization of heavy metals by newer, therapeutically
useful chelating agents. Toxicology 1995, 97, 23–38. [CrossRef]
126. Luetscher, J.A.; Eagle, H.; Long-cope, W.T. Clinical uses of 2,3-dimercaptopropanol (BAL); the effect of BAL
on the excretion of arsenic in arsenical intoxication. J. Clin. Investig. 1946, 25, 534–540. [CrossRef] [PubMed]
127. Longcope, W.T.; Luetscher, J.A. Clinical uses of 2,3-dimercaptopropanol (BAL); the treatment of acute
mercury poisoning by BAL. J. Clin. Investig. 1946, 25, 557–567. [CrossRef] [PubMed]
128. Berlin, M.; Ullrebg, S. Increased uptake of mercury in mouse brain caused by 2,3-dimercaptopropanol. Nature
1963, 197, 84–85. [CrossRef] [PubMed]
129. Cao, Y.; Skaug, M.A.; Andersen, O.; Aaseth, J. Chelation therapy in intoxications with mercury, lead and
copper. J. Trace Elem. Med. Biol. 2015, 31, 188–192. [CrossRef]
130. Andersen, O. Principles and recent developments in chelation treatment of metal intoxication. Chem. Rev.
1999, 99, 2683–2710. [CrossRef]
131. Chisolm, J.J. The use of chelating agents in the treatment of acute and chronic lead intoxication in childhood.
J. Pediatr. 1968, 73, 1–38. [CrossRef]
132. Andersen, O.; Aaseth, J. Molecular mechanisms of in vivo metal chelation: Implications for clinical treatment
of metal intoxications. Environ. Health Perspect. 2002, 110, 887–890. [CrossRef] [PubMed]
133. Bjørklund, G.; Mutter, J.; Aaseth, J. Metal chelators and neurotoxicity: Lead, mercury, and arsenic. Arch.
Toxicol. 2017, 91, 3787–3797. [CrossRef] [PubMed]
134. Maiorino, R.M.; Akins, J.M.; Blaha, K.; Carter, D.E.; Aposhian, H.V. Determination and metabolism of dithiol
chelating agents: X. In humans, meso-2,3-dimercaptosuccinic acid is bound to plasma proteins via mixed
disulfide formation. J. Pharmacol. Exp. Ther. 1990, 254, 570–577. [PubMed]
135. Dart, R.C.; Hurlbut, K.M.; Maiorino, R.M.; Mayersohn, M.; Aposhian, H.V.; Hassen, L.V.B. Pharmacokinetics
of meso-2,3-dimercaptosuccinic acid in patients with lead poisoning and in healthy adults. J. Pediatr. 1994,
125, 309–316. [CrossRef]
136. Sears, M.E. Chelation: Harnessing and Enhancing Heavy Metal Detoxification—A Review. Sci. World J. 2013,
2013, 219840. [CrossRef] [PubMed]
Molecules 2019, 24, 3247 29 of 32
137. Miller, A.L. Dimercaptosuccinic acid (DMSA), a non-toxic, water-soluble treatment for heavy metal toxicity.
Altern. Med. Rev. 1998, 3, 199–207.
138. Aposhian, H.V.; Maiorino, R.M.; Dart, R.C.; Perry, D.F. Urinary excretion of meso-2,3-dimercaptosuccinic
acid in human subjects. Clin. Pharmacol. Ther. 1989, 45, 520–526. [CrossRef]
139. Asledu, P.; Moulton, T.; Blum, C.B.; Roldan, E.; Lolacono, N.J.; Graziano, J.H. Metabolism of
meso-2,3-dimercaptosuccinic acid in lead-poisoned children and normal adults. Environ. Health Perspect.
1995, 103, 734–739.
140. Bradberry, S.; Vale, A. Dimercaptosuccinic acid (succimer; DMSA) in inorganic lead poisoning. Clin. Toxicol.
2009, 47, 617–631. [CrossRef]
141. Aaseth, J.; Jacobsen, D.; Andersen, O.; Wickstrøm, E. Treatment of mercury and lead poisonings with
dimercaptosuccinic acid and sodium dimercaptopropanesulfonate: A review. Analyst 1995, 120, 853–854.
[CrossRef] [PubMed]
142. Aaseth, J.; Friedheim, E.A.H. Treatment of Methyl Mercury Poisoning in Mice with 2,3-dimercaptosuccinic
Acid and other Complexing Thiols. Acta Pharmacol. Toxicol. 1978, 42, 248–252. [CrossRef] [PubMed]
143. Grandjean, P.; Guldager, B.; Larsen, I.B.; Jørgensen, P.J.; Holmstrup, P. Placebo response in environmental
disease: Chelation therapy of patients with symptoms attributed to amalgam fillings. J. Occup. Environ. Med.
1997, 39, 707–714. [CrossRef] [PubMed]
144. Aposhian, H.V. DMSA and DMPS-Water Soluble Antidotes for Heavy Metal Poisoning. Annu. Rev. Pharmacol.
Toxicol. 2003, 23, 193–215. [CrossRef] [PubMed]
145. George, G.N.; Prince, R.C.; Gailer, J.; Buttigieg, G.A.; Denton, M.B.; Harris, H.H.; Pickering, I.J. Mercury
binding to the chelation therapy agents DMSA and DMPS and the rational design of custom chelators for
mercury. Chem. Res. Toxicol. 2004, 17, 999–1006. [CrossRef] [PubMed]
146. Graziano, J.H. Role of 2,3-Dimercaptosuccinic Acid in the Treatment of Heavy Metal Poisoning. Med. Toxicol.
1986, 1, 155–162. [CrossRef] [PubMed]
147. Ramsey, D.T.; Casteel, S.W.; Faggella, A.M.; Chastain, C.B.; Nunn, J.W.; Schaeffer, D.J. Use of orally
administered succimer (meso-2,3-dimercaptosuccinic acid) for treatment of lead poisoning in dogs. J. Am.
Vet. Med. Assoc. 1996, 208, 371–375.
148. Roels, H.A.; Boeckx, M.; Ceulemans, E.; Lauwerys, R.R. Urinary excretion of mercury after occupational
exposure to mercury vapour and influence of the chelating agent meso-2,3-dimercaptosuccinic acid (DMSA).
Occup. Environ. Med. 2008, 48, 247–253. [CrossRef] [PubMed]
149. Gustavsson, P.; Gerhardsson, L. Intoxication from an accidentally ingested lead shot retained in the
gastrointestinal tract. Environ. Health Perspect. 2005, 113, 491–493. [CrossRef]
150. Flora, S.J.S.; Pachauri, V. Chelation in metal intoxication. Int. J. Environ. Res. Public Health 2010, 7, 2745–2788.
[CrossRef]
151. Gersl, V.; Hrdina, R.; Vavrova, J.; Holeckova, M.; Palicka, V.; Vogkova, J.; Mazurova, Y.; Bajgar, J. Effects of
repeated administration of dithiol chelating agent-sodium 2,3-dimercapto 1-propanesulphonate (DMPS)-on
biochemical and hematological parameters in rabbits. Acta. Medica. 1997, 40, 3–8. [PubMed]
152. Hurlbut, K.M.; Maiorino, R.M.; Mayersohn, M.; Dart, R.C.; Bruce, D.C.; Aposhian, H.V. Determination and
metabolism of dithiol chelating agents. XVI: Pharmacokinetics of 2,3-dimercapto-1-propanesulfonate after
intravenous administration to human volunteers. J. Pharmacol. Exp. Ther. 1994, 268, 662–668.
153. Gabard, B. Distribution and excretion of the mercury chelating agent sodium
2,3-dimercaptopropane-1-sulfonate in the rat. Arch. Toxicol. 1978, 39, 289–298. [CrossRef] [PubMed]
154. Torres-Alanís, O.; Garza-Ocañas, L.; Bernal, M.A.; Piñeyro-López, A. Urinary excretion of trace elements in
humans after sodium 2,3-dimercaptopropane-1-sulfonate challenge test. J. Toxicol. Clin. Toxicol. 2000, 38,
697–700. [CrossRef]
155. Walshe, J.M. Penicillamine, a new oral therapy for Wilson’s disease. Am. J. Med. 1956, 21, 487–495. [CrossRef]
156. Rodriguez-Castro, K.I.; Hevia-Urrutia, F.J.; Sturniolo, G.C. Wilson’s disease: A review of what we have
learned. World J. Hepatol. 2015, 7, 2859–2870. [CrossRef] [PubMed]
157. Horn, N.; Møller, L.B.; Nurchi, V.M.; Aaseth, J. Chelating principles in Menkes and Wilson diseases: Choosing
the right compounds in the right combinations at the right time. J. Inorg. Biochem. 2019, 190, 98–112.
[CrossRef] [PubMed]
158. Patrick, L. Mercury toxicity and antioxidants: Part I: Role of glutathione and alpha-lipoic acid in the treatment
of mercury toxicity. Altern. Med. Rev. 2002, 7, 456–471. [PubMed]
Molecules 2019, 24, 3247 30 of 32
159. Bjørklund, G.; Aaseth, J.; Crisponi, G.; Rahman, M.M.; Chirumbolo, S. Insights on alpha lipoic and
dihydrolipoic acids as promising scavengers of oxidative stress and possible chelators in mercury toxicology.
J. Inorg. Biochem. 2019, 195, 111–119. [CrossRef] [PubMed]
160. Bakka, A.; Aaseth, J.; Rugstad, H.E. Influence of Certain Chelating Agents on Egress of Cadmium from
Cultured Epithelial Cells Containing High Amounts of Metallothionein: A Screening of Cd-Releasing and
Toxic Effects. Acta Pharmacol. Toxicol. 1981, 49, 432–437. [CrossRef] [PubMed]
161. Jones, M.M.; Singh, P.K.; Gale, G.R.; Smith, A.B.; Atkins, L.M. Cadmium Mobilization in Vivo by
Intraperitoneal or Oral Administration of Monoalkyl Esters of meso–2, 3–Dmercaptosuccinic Acid in
the Mouse. Pharmacol. Toxicol. 1992, 70, 336–343. [CrossRef] [PubMed]
162. Ram Kumar, M.; Flora, S.J.S.; Reddy, G.R. Monoisoamyl 2,3-dimercaptosuccinic acid attenuates arsenic
induced toxicity: Behavioral and neurochemical approach. Environ. Toxicol. Pharmacol. 2013, 36, 231–242.
[CrossRef] [PubMed]
163. Flora, S.J.S.; Bhadauria, S.; Pachauri, V.; Yadav, A. Monoisoamyl 2, 3-Dimercaptosuccinic Acid (MiADMSA)
Demonstrates Higher Efficacy by Oral Route in Reversing Arsenic Toxicity: A Pharmacokinetic Approach.
Basic Clin. Pharmacol. Toxicol. 2012, 110, 449–459. [CrossRef] [PubMed]
164. Kannan, G.M.; Flora, S.J.S. Combined administration of N-acetylcysteine and monoisoamyl DMSA on tissue
oxidative stress during arsenic chelation therapy. Biol. Trace Elem. Res. 2006, 110, 43–59. [CrossRef]
165. Gale, G.R.; Smith, A.B.; Walker, E.M. Diethyldithiocarbamate in treatment of acute cadmium poisoning. Ann.
Clin. Lab. Sci. 1981, 11, 476–483. [PubMed]
166. Aaseth, J.; Alexander, J.; Raknerud, N. Treatment of mercuric chloride poisoning with dimercaptosuccinic
acid and diuretics: Preliminary studies. Clin. Toxicol. 1982, 19, 173–186. [CrossRef]
167. Oskarsson, A.; Lind, B. Increased Lead Levels in Brain after Long-term Treatment with Lead and
Dithiocarbamate or Thiuram Derivatives in Rats. Acta Pharmacol. Toxicol. 1985, 56, 309–315. [CrossRef]
168. Kargacˇin, B.; Kostial, K.; Arežina, R.; Singh, P.K.; Jones, M.M.; Cikrt, M. Influence of age and time of
administration of dithiocarbamate analogues on cadmium retention in rats. J. Appl. Toxicol. 1991, 11, 273–277.
[CrossRef]
169. Hamidinia, S.A.; Erdahl, W.L.; Chapman, C.J.; Steinbaugh, G.E.; Taylor, R.W.; Pfeiffer, D.R. Monensin
improves the effectiveness of meso-dimercaptosuccinate when used to treat lead intoxication in rats. Environ.
Health Perspect. 2006, 114, 484–493. [CrossRef]
170. Chisolm, J.J. BAL, EDTA, DMSA and DMPS in the treatment of lead poisoning in children. Clin. Toxicol.
1992, 30, 493–504. [CrossRef]
171. Lee, B.K.; Schwartz, B.S.; Stewart, W.; Ahn, K.D. Provocative chelation with DMSA and EDTA: Evidence for
differential access to lead storage sites. Occup. Environ. Med. 1995, 52, 13–19. [CrossRef] [PubMed]
172. Besunder, J.B.; Super, D.M.; Anderson, R.L. Comparison of dimercaptosuccinic acid and calcium disodium
ethylenediaminetetraacetic acid versus dimercaptopropanol and ethylenediaminetetraacetic acid in children
with lead poisoning. J. Pediatr. 1997, 130, 966–971. [CrossRef]
173. Dargan, P.I.; Giles, L.J.; Wallace, C.I.; House, I.M.; Thomson, A.H.; Beale, R.J.; Jones, A.L. Case report: Severe
mercuric sulphate poisoning treated with 2,3-dimercaptopropane-1-sulphonate and haemodiafiltration. Crit.
Care 2003, 7, R1–R6. [CrossRef]
174. Aragoni, M.C.; Arca, M.; Crisponi, G.; Cristiani, F.; Isaia, F.; Nurchi, V.M. Characterization of the ionization
and spectral properties of mercapto-carboxylic acids. Correlation with substituents and structural features.
Talanta 1996, 43, 1357–1366.
175. Arnold, A.P.; Canty, A.J.; Reid, R.S.; Rabenstein, D.L. Nuclear magnetic resonance and potentiometric studies
of the complexation of methylmercury (II) by dithiols. Can. J. Chem. 2006, 63, 2430–2436. [CrossRef]
176. Sallam, S.A.; Bahgat, K.M.; El-Tanany, A.Z.; Mahmoud, M.A. Lanthanide complexes of D-penicillamine:
Formation constants, spectral and thermal properties. J. Coord. Chem. 2006, 59, 2055–2073. [CrossRef]
177. Sigel, H.; Prijs, B.; McCormick, D.B.; Shih, J.C.H. Stability and structure of binary and ternary complexes of
α-lipoate and lipoate derivatives with Mn2+, Cu2+, and Zn2+ in solution. Arch. Biochem. Biophys. 1978, 187,
208–214. [CrossRef]
178. Bonomi, F.; Pagani, S.; Cariati, F.; Pozzi, A.; Crisponi, G.; Cristiani, F.; Diaz, A.; Zanoni, R. Synthesis and
characterization of metal derivatives of dihydrolipoic acid and dihydrolipoamide. Inorg. Chim. Acta 1992,
192, 237–242. [CrossRef]
179. The Merck Index, 12th ed.; Merck: New York, NY, USA, 1996.
Molecules 2019, 24, 3247 31 of 32
180. Williams, M. The Merck Index: An Encyclopedia of Chemicals, Drugs, and Biologicals, 14th ed.; Merck Inc.:
Kenilworth, NJ, USA, 2006; p. 2564.
181. Pettit, L.D.; Powell, K.J. The IUPAC Stability Constants Database (SC-Database); Timble: Otley, Yorks, UK, 2008.
182. Ruprecht, J. Dimaval®: Scientific Product Monograph, 7th ed.; Heyl Chem.-Pharm Fabrik: Berlin, Germany, 2008.
183. Weigert, W.M.; Offermanns, H.; Degussa, P.S. D-Penicillamine—Production and Properties. Angew. Chem.
Int. Ed. Engl. 1975, 14, 330–336. [CrossRef]
184. Nurchi, V.M.; Crisponi, G.; Lachowicz, J.I.; Jaraquemada-Pelaez, M.D.G.; Bretti, C.; Peana, M.; Medici, S.;
Zoroddu, M.A. Equilibrium studies of new bis-hydroxypyrone derivatives with Fe3+, Al3+, Cu2+ and Zn2+.
J. Inorg. Biochem. 2018, 189, 103–114. [CrossRef]
185. Nurchi, V.M.; Crespo-Alonso, M.; Toso, L.; Lachowicz, J.I.; Crisponi, G. Chelation Therapy for Metal
Intoxication: Comments from a Thermodynamic Viewpoint. Mini-Rev. Med. Chem 2013, 13, 1541–1549.
[CrossRef] [PubMed]
186. Basinger, M.A.; Casas, J.S.; Jones, M.M.; Weaver, A.D.; Weinstein, N.H. Structural requirements for Hg (II)
antidotes. J. Inorg. Nucl. Chem. 1981, 43, 1419–1425. [CrossRef]
187. Matsui, H.; Ohtaki, H. A potentiometric study on complex formation of cadmium (II) ion with 2-mercaptoacetic
and 2-mercaptopropionic acids. Polyhedron 1983, 2, 631–633. [CrossRef]
188. Li, N.C.; Manning, R.A. Some Metal Complexes of Sulfur-containing Amino Acids. J. Am. Chem. Soc. 1955,
77, 5225–5228. [CrossRef]
189. Lenz, G.R.; Martell, A.E. Metal Chelates of Some Sulfur-Containing Amino Acids. Biochemistry 1964, 3,
745–750. [CrossRef] [PubMed]
190. Urban´ska, J.; Kozlowski, H.; Kurzak, B. Polarographic and potentiometric study of ternary complexes of
cadmium with penicillamine and histidine. J. Coord. Chem. 1992, 25, 149–154. [CrossRef]
191. Harris, W.R.; Chen, Y.; Stenback, J.; Shah, B. Stability constants for dimercaptosuccinic acid with bismuth
(III), zinc (II), and lead (II). J. Coord. Chem. 1991, 23, 173–186. [CrossRef]
192. Casas, J.S.; Jones, M.M. Mercury (II) complexes with sulfhydryl containing chelating agents: Stability constant
inconsistencies and their resolution. J. Inorg. Nucl. Chem. 1980, 42, 99–102. [CrossRef]
193. Avdeef, A.; Chemotti, A.R. Cadmium binding by biological ligands. Part 4. Polynuclear complexes of
cadmium with 2,3-dimercaptopropane-1-sulphonic acid. J. Chem. Soc. Dalt. Trans. 1991, 5, 1189–1194.
[CrossRef]
194. Strand, R.; Lund, W.; Aaseth, J. Complex formation of zinc, cadmium, and mercury with penicillamine.
J. Inorg. Biochem. 1983, 19, 301–309. [CrossRef]
195. Rivera, M.; Zheng, W.; Aposhian, H.V.; Fernando, Q. Determination and metabolism of dithiol chelating
agents. VIII. Metal complexes of meso-dimercaptosuccinic acid. Toxicol. Appl. Pharmacol. 1989, 100, 96–106.
[CrossRef]
196. Chekmeneva, E.; Díaz-Cruz, J.M.; Ariño, C.; Esteban, M. Study of the Hg2+ binding with chelation
therapy agents by differential pulse voltammetry on rotating Au-disk electrode and electrospray ionization
mass-spectrometry. Anal. Chim. Acta 2009, 653, 77–85. [CrossRef] [PubMed]
197. Kõszegi-Szalai, H.; Paál, T.L. Equilibrium studies of mercury (II) complexes with penicillamine. Talanta 1999,
48, 393–402. [CrossRef]
198. Leung, B.O.; Jalilehvand, F.; Mah, V. Mercury (II) penicillamine complex formation in alkaline aqueous
solution. Dalt. Trans. 2007, 41, 4666–4674. [CrossRef] [PubMed]
199. Strasdeit, H.; von Döllen, A.; Saak, W.; Wilhelm, M. Intracellular Degradation of Diorganomercury
Compounds by Biological Thiols—Insights from Model Reactions. Angew. Chem. Int. Ed. 2000, 39,
784–786. [CrossRef]
200. Chekmeneva, E.; Díaz-Cruz, J.M.; Ariño, C.; Esteban, M. Complexation of Hg2+ with α-Lipoic and
dihydrolipoic acids: Study by differential pulse voltammetry on rotating Au-Disk electrode and ESI-MS.
Electroanalysis 2010, 22, 177–184. [CrossRef]
Molecules 2019, 24, 3247 32 of 32
201. Zeini Jahromi, E.; Gailer, J.; Pickering, I.J.; George, G.N. Structural characterization of Cd2+ complexes in
solution with DMSA and DMPS. J. Inorg. Biochem. 2014. [CrossRef] [PubMed]
202. De La Gala Morales, M.; Ariño, C.; Díaz-Cruz, J.M.; Esteban, M. Study of the complexation of Pb (II) with
meso-2,3-dimercaptosuccinic acid (DMSA) and 2,3-dimercapto-1-propanesulfonic acid (DMPS) using a
bismuth-bulk rotating disk electrode. Electroanalysis 2014, 26, 1912–1919. [CrossRef]
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
